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FOREWORD

This report has been prepared under Task 31, ‘‘Meteorological
Aspects of Refraction and Propagation of Radar Waves,’”’ which was
assigned to the U. S. Navy Weather Research Facility for the purpose
of developing new techniques for predicting atmospheric propagation
parameters. Fleet andfieldunits, ope~ating microwave radio andradar
equipment, require atmocr-heric inforn ation in order to evaluate and
predict the pert~rmance o1 naval communications and detection systems,

This publication is intended as a comprehensive reference in
radio-radar meteorclogy for Naval Weather Service personnel, It is
not a procedura! manual and, more often than not, suggests several
solutions to a given problem without prescribing the ‘‘best one’’, Our
objective has been to assemble sufficient general information so as to
facilitaie the soution of new, as well asroutine, problems as theyarise
in the field, In an era of rapid technological advance and of ever-
changing concepts asto thetactical employment of radio and radar sys-
tems, new problems must be dealt with on an almost daily basis.

The central ideas presented herein are largely the result of re-
search, supported inpart by the U. S. Navy Weather Research Facility,
at Smyth Research Associates inSan Diego, California and at the Boulder
Laboratories of the National Bureau of Standards in Boulder, Colorado.
Chapters 5, 6, and 7 were taken almost wholly from a manuscript written
under contract by Mr. L. J. Anderson of Smyth Research Associates.
Chapters 8 and 9 were taken almost wholly from technical reports pre-
pared by Mr, B. R, Rean and associates at the Boulder Laboratories
of the National Bureau of Siandards. Chapters 1, 2, 3, and 4 were as-
sembled by the undersigned from current literature,

1aeresearctnrogram, whichlaid the foundations for this report,
was organized under the diveciion of Comar, J, P, Xing, USN, with the
assistance of Mr, Paul L, Hexter, Excellent editorial assistance . as
provided during the assembly of this publication by Mr, John M. Mercer.

. QZ%K réé(
DANIEL F. R
Commander, U, S. Navy

(Mficer in Charge
Navy Weather Research Facility
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INTRODUCTION

A specific responsibility of the meteorological *ficer, as stated
in U, S, Navy Regulaiions ! is to provide '‘the informu.ion ncczssary
for evaluation of the effects of sea and atmospheric conditicns on radar
and sonar performance,’’ Inorder to provide this information (insofar
as it relates to radar perfuormance) the weather officer must:

1, Understand the effects of atmos; .2ric variabies on(radio
and) radar performance,

2, Know the fleet requirements for atmospheric information
in terms of current operational employinent.

3, Collect thenecessarydata, and make those analyses per-
tinent to a description of existing atmospheric propaga-
tion cond:tions,

4, Describe the propagation conditions that will be encoun-
tered at some future time,

It should perhaps be emphasized that success can only be achieved by
taking each of these four actions,

It is the aim of this manual to provide the Naval Weather Service
officer with information of direct assistance in connection with items
1, 3, and 4 above, A knowledge of fleet requirements (item 2) can only
be obtained from experience and through frequent and detailed discus-
sions with command and operational personnel, The weather officer
must take theinitiative inorder to fully inform himself concerning fleet
(operational; requirements,

It should be menticaed herethat since the material in this manual
was gathered froin mauy sources, the letiers and symbols used in the
text and equations are not necessarily uniformly defined throughout the
entire manual; i.e., the symbols may only be consistent in meaning
within the section where they are used.

In part I of this manual, some of the basic principles of radio-

—— o — —

v

1%, 5. Navy Regulations, Chapter 9, Article 0928,
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radar propagation are presented inorder to familiarize the reader with
the nature of electromagnetic energy and how it propagates through the
atmosphere, No attempt has twen made topresent a complete treatise
on the subject; only that information considered to be e. ential to an
elementary understanding of the subject hasbeen inciuded, .Sartll con-
tains a rather general discussion of atmospheric refraction, the methods
available for obtaining refractive index data, and the various modified
indices in common use, In part III, working methods for computing
radio-radar performance are presented, tog :ther with numerical ex-
amples (in some cases) intended to clarify ti.: procedures used., In
order to apply the methods of part Il intelligently, the reader should
become as familiar as possible with the background material presented
in parts I and II,

The final section of this manual, part IV, presenis information
available from various climatological and synoptic studies of atmeos-
pheric refractivity. This material has been included not only because
of its interest in connection with planning problems, but more particu-
larly because of its importance in predicting future refractive condi-
tions. It seemnsunlikely that our ability to forecast pressure, tempera-
ture, and humidity will improve rapidly enough within the next decade
topermit one topredict future propagation conditions from direct fore-
casts of these parameters. Refractivity forecasts will more probably
be made, within the foreseeable future, from a consideration of the ex-
pected climatological and synoptic influences on present (observed)
conditions,

In concluding this introduction it may be well to mention that ab-
normal radio-radar performance may be the result of improper or
abnormal functioning of the radar equipment, or it may be the result
of atmospheric effects. In the first instance the electronics (or radar)
cfficer must take action., In the second instance, the weather officer
and the electronics officer must take joint, coordinated action in order
to minimize detrimenial »nd to take advantage of favorable) atmos-
pheric conditions. Work with your electronics - CIC - rudar icammates!
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PART I

BASIC PRINCIPLES




T A N = NN, = s
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1, ELECTROMAGNETIC FROPAGATION

1,1 Characteristics of Electromagnetic Waves

The wave nature of visible light was first demonstrated by Thomas
Young in1801, James Clerk Maxwell, after a study of Faraday’s scien-
tific papers, published several mathemati. ~ treatises on the electro-
magnetic theory of light in the late 1860’s, It was not, however, until
1873 that this theory appea ‘ed in a fully developed form in his ‘‘Elec-
tricity and Magnetism’’, Maxwell reduced all electric and magnetic
phenomena to stresses and motions of a material medium and proved
that electromagnetic waves in a homogeneous, transmitting medium
tend to propagate in straight lines with a velocity equal to

L
yeE -’
where c is the velocity of light, u is the magnetic permeability, and k
is the dielectric constant of the medium,

V= (101)

Since Maxwell’s time it has been found that there is an entire
specirum of eleciromagnetic waves, covering at least 20 decades of
wavelength, over which the physical characteristics of the waves are
identical, except for wavelength itself., A representation of a simple
wave moiion is shown in figure 1,1, In this figure a periodic variable,
A, is plotted graphically as a function of time, t. For the case of an
electromagnetlc wave the quantity A may be considered to be either the
electric field strength or the magnet1c field strength at some fixed point
inspace, If wedefine one wavelength, A, as the distance from crest to
crest (or trough totrough) and the frequency, f, as the number of cycles
completed per unit time; i.e,, the number of wavelengths which pass a
fixed point in unit time, the velocity of propagation, v, is equal to

v = Af, (1.2}
or, from equation (1,1)
Af = = (1.2
- . L S
JHE
c

I s Zoneoygonecus e diur the quantity £~ is a constant (i.e., the prop-
agation velociiy is constant) so that 'either wavelength or frequency,
which areinversely related, may be used tuo uniquely describe any par-
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Figure 1.1. A Simple Sine Wave.

ticular electromagnetic wave,

Electromagnetic energy propagates hest in & vacuum, where both
4 and k equal unity; however, most gases and some solids are trans-
parent toit asw.ll, The velocity of propagationin a vacuum is identical
over the entire wavelength spectrum and is cqual to the velocity of light
(3.0 x 108 cm./sec.)., One of the basic axioms of physics is that this
is the maximum veloci., atialuable vy cnergy oc matter,

In some of its properties electromagnetic energy behaves as though
it consisted of energy packets (quanta) instead of waves., This has given
rise to the branch of physics known as ‘‘quantum mechanics’’, which
has done much to clarify many of the puzzling phenomena which have
been observed, particnlarly at cxtremely short wavelengths, For the
purposes of tnie manual however, one may regard electromagnetic
energy as being pu-ely a wave phenomenon, Ir the radio-radar spec-
trum, the wave nature of the energy is sufficiently general to describe
all the phcnomena with which we are concerned,
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1.2 The Electromagnetic Spectrum

Figure 1,2 is arepresentation of the entire elect: magnetic spec-
trum as it is now recognized, It is divided into numercus wavelength
bands as shown., Theboundaries are somewhat arbitrary because over-
lapping occurs, particularlrat shorter wavelengihs, but the figureillus-
trates the variety of phenomena to which the name ‘‘electromagnetic
energy’’ is properly applied. The wavele: vth ard frequency scales are
logarithmic., The vertical lines are divided into increments, each of
which represents a tenfold change in wavelength, The units commonly
used to designate wavelength and frequency are shown just to the left
and to the right of the vertical lines,

The narrow band just below the 1 micron (i) line represents the
visible spectrum which covers the range of sensitivity of the human
eye. Late in the last century the remainder of the vast spectrum (non-
visual) shown in figure 1.2 was discovered, resuiting in a flood of new
knowledge and techniques whose usefulness is now gradually being ex-
ploited,

The portion of the spectrum discussed inthis manual is that shown
above the far infrared band in figure 1.2, particularly the region above
the 1-centimeter wavelength line, This is the radio-radar spectrum
in which waves are generated by coherent electronic transmitters of
various kinds,

1,3 Wave Fronts and Rays

In dealing with the behavior of electromagnetic energy it is often
convenient 1o employ the concepts of wave fronts and rays, The Dutch
scientist Huyghens in 1690 stated the principle which leads to a simple
geometrical construction of the wave front, and which allows us to deal
with a wave motion as - = 'raight-line prop~gation,

In figure 1.3 the point P represents apoint source of energy fron:
which electromagnetic waves ¢.e proceeding through a homogeneous
medium with equal speeds in all directions, At the end of a certain
time the disturbance will have arrived at all points which lie on the
spherical surface S e Since the points are all equidistant from P, the
lecus o1 sueh pomts iz . .p.here, and this sphere represents the nitial
wave front, Accordmg to Huyghens’ principle every point on the wave
front becomes immediately a new source :.'um which secondary waves
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Figure 1,2,

The Electromagnetic Spectrum,
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Figure 1,3, Huyghens’ Construction of the Wave Front,

or wavelets spread out in all directions, By construction then, let us
draw circies of equal radius from each point on the sarface $; repre-
senting the wavelets, These innumerable wavelets, starting together
from all points influenced by the principal wave, overlap and interfere
with each other so that their resultant effect is produced only at the
points in the resuliant surface which at any instant envelop all the secon-
dary wave fronts. Thus, the new principal wave front will be S9, which
is the enveioping surface or envelope of the wavelets, The tangent sur-
face, construcied from the wavelets according to Huyghens’ principle,
thus gives the position ot the wave front 2. & later time, The result is
the same as if the old wave front S had expanued int2 a new wvavefront
S9, the disturbance progressing in straight lines in ail directions,

it can be seen that in a homogeneous medium (i.e,, propagation
velocity constant at all points in the medium) the enveloping surfac:z
or wave front emsnatirg from a point source will be a sphere concern-
tric with all other edarlizr and later wave fronts, and that straight lines
or rays, radiating out from the center, will be the paths of the distur-
bance., The ray {see fig, 1.3), which is tnhe path of the disturbance, is
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thus normal to the wave front, which is the envelope of the disturbance.

1.4 Propagation Characteristics in ¥Free Space

It is convenient tobegin our study of elzctromagnetic propagation
characteristics with a consider:tion of the behavior of electromagnetic
waves in free space; i,e., in a vacuum and without the presence of dis-
crete bodies,

i.4.1 PFree Space Fields

A fundamental factor governing the behavior of electromagnetic
waves is the inverse distance spreading of energy. If a transmitting
source emits a given amount of energy per second, f_t, when one is at
dist#nce r from the transmitter this energy is spread out over the sur-
face of a sphere of radius r and area 4rr2 (see fig. 1,3). Thus, the
power received __4_’1. at distance r from a point source P is

P = b
r  4yr2
watts per unitarea, The power decreases as the square of the distance
from the source (or transmitter), and the electromagnetic field strength,
which is propcertional to the square root of power, decreases as the
first power of thedistance, Thisdecrease is known as the‘‘free space
attentuation’’ of the field, since it occurs even in a vacuum and without
the earth present, It is adirect consequence of the fundamental law of
the conservation of energy, and applies both in free space and in the
terrestrial environment,

(1.4)

1.4,2 Initerfereice

Whenever two (or more) wave trains travelling cver different
paths impinge (interser:) ai . gint Inspace, the phenomenon known as
interference cccurs., If the two waves arrive at ilic poirt in quesiion
in phase they reinforce one another and produce a resultant field strength
greater than either of the two compo .ent waves taken alone, If the two
waves arrive at the point in question out of phase they partially cancel
one another and produce a weaker resultant field strength, This phe-
nemenon is fundamental to 21l wave movion and occurs bothin free space
and in therrrestial enrivonz e, Figure 1.4 illustrates the phenom-
enon of interferenc~ for two simple sine waves of the same frequency
(or wavelengtih), The figure shows the iime va;iation of the electro-
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magnetic field strength, Ep, at = point iz space, which results from the
interference of two waves of equal frequency and with fi. '1 strengths
E E, and E.., The compcnent waves E E,x and EB are shown in , hase, 90°
out of phase, and 180° out of phase,
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2. RADIO -RADAR PROPAGATION

2,1 The Radio~Radar Spectrum

That portion of the electromagnetic spectrum utilized for com-
munication extends from millimeter wavelengths to those thonsands of
meters long, This broad zone covers ai. ‘he frequencies of radic and
radar transmission (see fig, 2,1}, Because the effect of tropospheric
variables is most pronouticed on the shorter wavelengths, our primary
interest in this manual will be focused on the short-wave end of the
radio-radar spectrum from about 1 centimeterto 10 meters, At longer
wavelengths, the ionosphere becomes the controlling influence, rather
than the comparatively thin troposphere. At wavelengths shorter than
1 centimeter, on the other hand, the atmosphere becomes relatively
opaque for at least two decades of wavelength, and long distance prop-
agation is impractical,

2.2 Atmospheric Effects

When Marconi demonstrated in 1501 that radio signals could be
transmitted-across the Atlantic Ocean, investigations were sooninitiated
to account for the presence of signals beyond the horizon, Four prin-
cipal mechanisms were proposed; diffraction, atmospheric refraction,
atmospheric scattering, and reflection from an elevaied layer of ionized
gases. Thereflecting layer hypothesis, proposed by Kennelly and Heavi-
side in 1902 and proven by Watson in 1919, is generally accepted as the
primary mechanism which permits extended range transmission at
wavelengths greater than about 10 mcters. Although communication at
tnese longer wavelengths is subject to various anomalies (fading, holes,
etc.) which may become serious problems in practice, the principles
of ionecpheric transmission lie cutside the scope of this manual,

In the 1930’s new developments in ercclionic oscillaiors made
shorter wavelengths useable for practical communication, It was soon
observed that signals shorter than about 10 meters were often not re-
ceived at ranges greatly exceeding the horizon distance, The shorter
the wavelength the more transparent the Kennelly-Heaviside layer he-
2nmes to incident radiztion, and the ionospheric reflection mechanism
soeomes relativel unimportant in explaining transmission beyond the
borizon., Ouce again the attention of researchers was focused on the
phenomena of diffraction, refraction, anascattering as the mechanisms
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which might explain extended-range, short-wave (<10 m.) communica-
tion,

With the development of radar in the 1940’s (on evern shorter wave-
lengths), it was found that the shorter the wavelength in use the more
frequent were occurrences of propagation well beyond the radiohorizon,
Surface objects were often observed at distances many times greater
thanthe visual range, and these occurren. -werefound to be associated
with unusual distributions of temperature and relative humidity in the
layers near the earth’s surface. This phenomenon is known as *‘duct-
ing’’ or ‘‘trapping’’. It is, ineffect, an extreme case of superrefraction,
or atmospheric refraction greater than normal,

The phenomenon of superrefraction was observed even prior to
1940 fo: radio propagation in the range of 1,6 to 5 meters; comprehen-
sive studies of suyerrefraction have been principally stimulated, how-
ever, by the development of radar during and after Worid War II, The
7T-meter and 1.5-meter radar sets established at coastal sites along
the Mediterranean reported superrefraction effects much more intense
than those reported on ihe same wavelengths around the British Isles,
The entire coast of Sicily, for example, could frequently be seen with
1,5-meter radars on Malta, and from time to time echoes from Greece
and Sardinia at ranges on the order of 650 kilometers were obtained,
Ships were sometimes plotted to arange of 300 kilometers in locations
where the geometrical horizon wasless than 30 kilometers away, Per-
haps the most distant targets ever observed were seen on a 1,5-meter
radar at Bombay, India [13], whichreceiy .d echoes from points in Arabia
at a distance of 2,700 kilometers., Althoughmeteorological effectsusually
act to extend surface radar coverage, it should be mentioned here that
subrefraction alsodoes occur, On several occasions, radar equipment
on Fisher’s Island, New York, was vnable for many hours to pick up
BlockIsiand despite the fact that it is only 35 kilometers away and visi-
ble to the naked ¢ye,

In the yearsfollowing World War II with the continuously increas-
ing application of airborne rudar, an even more disturbing phenom-
enonhas been frequently observed, the ‘‘radar hole’’, This effect, pro-
duced by the preser.ce of superrefractive layers alcft, may at timsas
drastically reduce the effectiveness of airborne searchradar (see Fron-

isrince),

2.3 Propagation Characteristics in the {errestrial Environment
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Inorder to find an explansiion fur the anoimalies described in the
foregoing paragraphs we shall consider in some detail tho-~vhenomena
which control propagation in the troposphere; (1) the ab. .rption of
radiant energy, (2) the interference of waves, resulting in regions where
two waves enhance and in adjacent regions where they cancel each other,
{3) the diffraction of waves around the earth and other objects, and (4)
the variations in propagation velocity caused "y changes in pressure,
temperature, and humidity; which give rise to refractive, reflective,
and scattering effects,

Z,3,1 Absorption

Whenever electromagnetic radiation propagates through a real
medium (be it solid, liquid, or gaseous), a fraction of the incident energy
is apsorbed in passing through each increment of the medium. The
energy absorbed is imparted to the atomic or molecular structure of
the medium and, in most cases, is eventually given up as heat., The
effect may be thought of as a kind of frictional loss,

Any particular substance dees not absorb radiation of different
wavelengths equally, nor do different substances absorb radiation of
one particular wavelength equally -- as anyone familiar with the spec-
trograph will know, The particular absorption characteristics of a
medium (e.g., air), therefore, depend upon its composition, upon the
atomic and molecular structure of each constituent, and upon the phy-
sical characteristics of tiie incident radiation,

Fortunately, in practice the absorption mechanism does not often
produce serious performance anomalies in the operation of radio or
radar equipment. Absorpticn may, however, become an important de-
sign consideration in selecting the wavelength to be used in a radar
system; e.g., {or air scars® radar one would avoid selecting a wave-
length close to one of the water vapor absorption bands, since water
vapor is present in the natural atmosphere,

2.3.2 Interference

In the radic-radar spectrum interference produces very pro-
nouii=c? fmeteations in signa’ < ‘rengtn (see fig. 1.4). These are not
only pro fvcad 3y eleciromagnelic wave trains from two or more sources
(transmitters) arriving at a particular point i space (receiver), but
also by wave trains from a single source arriving at a particular point,
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having travelled over differcnt transmission paths, ¥For exampie, two
different ray paths from source to receiver might be the direct, line-
of-sight ray and a reflected ray from the transmit.. ~ antenna to the
earth’s surface and thence to the receiving antenna (see fig, 2,3).

Interference betweel signals of different wavelengths from twe or
more sources is eliminated by the ‘‘tuning section’’ of the receiver which
is nothing move than a sharply tuned byp. s filter. The filter rejects
ali signals except those having frequencies within a very narrow band
centered on the frequency .o which the receiver is ‘‘tuned’’. Any elec~
tromagnetic wave (signal) having a frequency within the bypass band
will be ‘‘passed’’ on thrcugh the amplification and detection stages of
the receiver; waves having other frequencies are rejected.

Signals of the same (or nearly the same) frequency, whether from
several sources o- from a single source, produce interference which
cannot be eliminated by a filter (tuner). The case of two or more sources
is of practical importance in connection with electronic counter meas-
ures (ECM) but will not be discussed further here. The case of inter-
ference produced by surface reflections from a single source will be
developed more fully in the following paragraphs,

A spherical earth enveloped by a homogeneous atmosphere is
shown in figure 2,2, In this figure, as in all others depicting curved
earth geometry, the height scale has been greatly exaggerated com-
pared tothe horizon® : distance scale, Assume that aradio transmitter
is located at R at height H above the earth, Since the atmosphere is
homogeneous, energy will leave the antenna in straight rays. If onenow
draws a straight ray from R tangent to the earth’s surface, this line de-
fines the horizon distance D and the horizon height h at point P which
is at a distance d beyond the tangent point, Referrmg to f1gure 2.2,

2?15 - (a+ BT (2.1)
expanding, we have
p?=2aH+HZ, (2.2)

Since H is inuch smaller than 2 a, the second order term in the above
e-unticn ir .y be neglecied, Therefore,

D¥yJy2aH , (2.3)
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Figure 2,2, Ray Geometry for Spherical Earth--Homogeneous Atmosphere,

and similarly,
d¥\/2ah . (2.4)

The horizon line beyond the tangent point divides radio space into
two regions. ‘The region above the line is always illuminated directly
by the transmitter and is called the interference region; the region be-
low the line is not direc I - illuminated and is generally called the dif-
fraction region (shaded in fig, 2,2}. The illuminated region i3 referred
to as the interference region because the radio field strength at a given
point above the horizon line is det~rmined by the interference between
tworays, as described in section 1.4.2. One is the direct ray from the
transmitter to the point; the other is a ray reflected from the earth’s
surface to the point. Since the reflected ray path is somewhat longer,
the ray ‘., ives at ihe poi:* .omewhat later than the direct ray, If it
arrives hali a wavelength hehind (180° out of phase) the two waves will
tend i{o cancel eachother, and if theyare of . .al strengih the resultant

field at thepoint will be zero, On the other hand, if the point is higher,
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so that the reflected wave arrives a full wavelength behind the direct
wave, thetwo will be inphase, and the field strength will be in.ensified,
This alternate cancellation and enhancement in the fieiw. strength as the
path-length differences are increased, gives rise to a vertical inter-
ference patiern, consistiag of a series of narrow fingers or ‘‘lobes’’
of strong field strength with weaker fields in between (see fig, 6.1),

In figu:'e 2,3, showing a spherical ewrth surrounded by a homo-
geneous atmosphere, the path difference, §, between the dirzct and re-
flected waves may be shown to be

2H, H
R T
6% — (2.5)

where Hgp and Hy are the heights of the transmitter at point R and of
the iarget at point P above the reflecting plane and d is the direct path
distance, The reflection plane is tangent to the earth at the point of
reflection, suchthat the angle of incidence 6, equals the angle of reflec-
tion 6,

piane

Figure 2.3, Path-Difference Geometry--Spherical Earth,
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On a spherical earth, Hy and HT are not the actual heights above
the surface, Referring to f;gure 2.3, it may be shown that

d - d1)2
H w - —— 20
R h, oa s (2.6)
and
2
d

Y 1

H = l‘ = ——t (207)
T t (Za )

where hy. and h; are the heights of the transmitter and target above the
earth’s surface and d, is the distance from the reflection point to the
proiection of the target on the reflection plane, Since the angle of in-
cidence is equal to the angle of reflection, we also have

M (2.8)
d-d; HR *

One can eliminate Hn, Hp and dj fromthe above four expressions, and
solve for § in terms of h., hy, and d. The resulting expression, how-
ever, is too comphcated to warrant further discussion in this manual,
Domb and Pryce [12] have developed a convenient means of plotting
interference patterns, to which the reader is referred for practical
assistance,

The picture just described is further complicated in that the re-
flected rayund-rgoes a sudden phase shift of one-half wavelength(180°)
onreflection; minimum fields, therefore, occur when the path difference
is an integral nuraber of wavelengths (1, 2, 3 ... ete), and maxima are
centered at those peinic '=ving 1/2, 11/2, 21/2 ... etc, wavelength
path differences, Furthermore, the strength of tire reflected wave is
reduced by scattering if the reflecting surface is rough and by diver-
gence if it is smooth, so that the direct and retflected waves are not of
equal strength. These factors modify, but donot invalidate, ihe general
characteristics of the interference pattern as described above,

n z raxctice, interferess . patierns for a given antenna are com-
puted for varicus angles of elevatlon of the antenna (tilt); these com-
puted values are checked and corrected with « aservational data vhen-
ever possible, The weather officer should consult the electronics offi-
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cer for further information conceraing the characteristics of aparticu-~
lar antenna array., Thephenomenon of interference is not affected per
se by changing metcorological conditions, except that, we shall see,
refractive effects may produce path length changes,

2.3.3 Diffraction

The only way in which energy can peu .irate the region below the
horizon line, in a homogeneous atmosphere, is by the process of dif-
fraction (see fig. 2.2), This process results from the wave nature of
the transmitted energy and is similar o simple diffraction over a knife
edge. The mathematics of diffraction over a spherical obstacle is quite
formidable and will not be attempted here, It turns out, however, that
the depth of penetration of energy below the horizon line is proportional
to the wavelength, and, at a constant height above the surface, it {alls
off exponentially with distance beyond the horizon point, Domb and
Pryce [12] have developed relatively simple methods for computing
diffraction fields, and the reader is referred to their paper for a dis-
cussion of practical computational techniques.

As was the case with interference, the mechanism of diffraction
is not primarily weather-dependent, and as such its effect upon radio-
radar performance is more properly a problem for the electronics
engineer,

2.3.4 Reflection and Refraction

We now complicate the simple case of figure 2.2 and 2,3 by sur-
rounding onr spherical earth with a nonhomogeneous atmosphere (such
as the earih’s real atmosphere)., Inhomogeneties produce changes in
the speed of propagation of electromagnetic energy through different
portions of the arnw [ beric envelope, giving rise to the phenomena of
reflection, refraction, and scattering,

The index of refraction, n, of a medium is defined as
n = "'; ’ (2.

wnes- o is the prepagatio- velocity of electromagnetic energy in a vac-
uumi, and v is the propagation velocity in the medium in question, The
jndex of refraction of a medium is therefc: » a measure of the propaga-
tion speed (relative to the velocity of light! of an electromagnetic wave
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through the medium,
(a) Reflection and Refraction at a Discontinuity

Whenever an electromegnetic wave strikes a surface cf discon-
tinuity in n {i.,e., a surface across which there is an abrupt change in
propagation speed) the incident wave, in gen ral, is partially reflected
and partiaily refracted (see fig. 2.4). The law of refraction at a dis-
continuity may be derived from a consideration of propagation speeds
in the two media., In figure 2.4 we assume electromagnetic energy
strikes the boundary between two media with indices of refraction of

ny and n,, where ny is associated with the initial medium and n, is

greater than ny; i.e., the propagation speed is greater in theinitial than
in the final medium. In a certain lengthof time, t, the wave front tra-
vels from position 1-2 to position 4-3, and

52_3 = Vl t 3 Sl._4 = Vz 1 N (2,10‘2.11)
where S is the distance traveled and AS) is the speed of propagation
in medmm 1, and Sy_4 and vg are the corresponding distance and speed

in medium 2,

Also, we have

o _Sp-3
sin 6; = cos[}__@g "5 (2.12)
1-3
and
S1-4
sin 8 = cos 413 = . (2.13)
51-3
Therefore,
sin 6, S v,t v
.61=q2"=1=1, (2.14)
sinb Sy vt o,
aid, Lunnen = 3- we mav writ- the law of refraction
gin 0, n
- _1_ = _2_. , (2.15)
3in ef 1
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where §; is the angle of incidznce and @, is the angle of refrwction.

It may be well to note that in figure 2.4 the direction of propaga-
tion may be reversed without invalidating the conclusio..s just reached
solong aswe interchange the designation of incident and refracted wave
fronts and the angles of incidence and refraction, Theincident and re-
fracted rays lie in the same plane, and the incident rays are always
bent toward the mediur of higher index c¢. —efraction (i.e., lower pro-
pagation speed) in passing through a surface of discontinuity,

With the aid of Huyghens’ principle one may derive the law of re-
flection which states that the incident and reflectedrays lie in the same
plane and the angle of incidence is equal to the angle of reflection; i.e.,

= 0, in figure 2.4, It will be noted that the incident wave front is
1nverted by reflection (the incident wave is shifted in phase 180°, as
hasbeen mentioned previously; inrefraction there is no corresponding
phase shift,

Whenever energy is passing through a discontinuity between a

INCIDENT M
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WAVE FRONT
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oy

5, —
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A DISCONTINUITY

REFRACTED
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Figure 2.4. Refraction and Reflection at a Surface of Discontinuity,
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medium of higher index of refraction to a medium of lower, the phe-
nomenon of total reflection will occur when the angle of incidence ex~
ceeds a certain critical value given by

-1n
o, = sin * 2L , (2.16)
1 n
2
where ng > n (see fig. 2.4). At angles of in¢ “ence greater than this
critical value the refracted ray is suppressed (does not emerge above
the surface of the discontinuity) and the incident ray is totally reflected.

The relative amounts of energy carried in the reflected and inthe
refracted waves are dependent upon the transmission characteristics
of the two media on either side of the discontinuity, upon the physical
characteristics of the surface of discentinuity, upon the angle of inci-
dence of the initial wave train, and upon the wavelength of the incident
wave. For example, a sheet of ordinary screen wire is a good reflector
of 10-centimeter radar waves but a poor reflector of electromagnet'.c
energy in the visual spectrum; whereas, a silvered mirror is a good
reflector of visible radiation but a poor reflector of gamma rays,

(b) Refraction in an Environment of Continuously Varying Inde
of Refraction

If anelectromagnetic wave traverses aregion in which the prop-
agation velocity (and therefore also the index of refraction) varies from
point to point but in a continuous fashion; i.e., no discontinuities in n
present, there will be no reflection phenomena, but refraction of the
wave will occur,

In figure 2,5 the dashed vertical line at the left represents a wave
front at time t = 0, The wave is traveling horizontally toward the right.
Assume that the retfracrive " idex is n., At the L,ottom of the wave front
andis nj - An at thetop. As thewave proceeds along, the top part will
travel faster than the bottom part, because the refractive index at the
top is less than at the bottom. Afte- time At, the top end of the wave
will have traveled

cAt
h "topA n, - An °

(2.17)

where c is the propagation velocity in vacuum, The bottom end will
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Figure 2,5, Refracticn in anEnvironment of Contiruously Vary:ng Index of Refraction.

have travelled

d = oA (2.18)
o = VbottomA* © n, ’ d
and, thus
1 d,An
Ad = cAt( l . = 2 (2,19)
ng - An ng n, - An

Since (n, - An) is very close to unity we may disregard it and write
AdE d An . (2.20)

Since the ivp of the wave has travelled Ad farther than the bottom, the

wave front is now tipped downward by an angle « = Ad/Ah, where Ah

is the distance increment between the top and bottom of the wave front,

Substituting Ad = -’ uu:, ¢re obitins the espression
An

© Ah

for the angle through which the ray is bent.

a=d (2.21)

But ag‘; is simply the curvature, C, of theray and since the bend-

i~y e uro‘o&;;-iionai to i.5.ance, the ray path is an arc of a circle of
radius R = "aQ , solong asthen-gradient, ':[_‘\" remains constant. Thus,
one can say that,
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C =

1 -
R Ah
This i< a very important expression in radio wave cefraction;
the curvature of a ray is equal to the gradient of the refractive index
normal to the ray path., Statec another way, the angle through which a
ray will be bent in passing through arefractive index gradient is equal
numerically to the gradient normal tothe path, ~‘'mes the distance tra-
velled,

{2.22)

_Inthe natural atmosphere the index of refraction becomes smaller
as one proceeds to higher and higher altitudes, but abrupt changes (dis-
continuities) in n are not commonly observed. For this reason refrac-
tive effects in the earth’s atmosphere are generally more important in
the study of anomalous radio-radar performance than are reflective
effects. As hasalready beenimplied, however, the surface of the earth
acts as a good reflector of electromagnetic waves in the radio-radar
spectrum,

(¢c) Snell’s Law

One is frequently interested in tracing the trajectory of a ray as
it travels through a medium such as the atmosphere in which the re-
fractive index changes with height, Theory indicates that the ray will
follow a trajectory having the shortest optical path, This principle is
expressed in a simple mathematical form knownas Snell’s Law, It was
originally applied to ray tracing throughlenses and prisms, but applies
equally well in the radio-radar case, If one assumes that the refrac-
tive index in the atmosphere changes only with height above the spher-
ical earth, and iot with horizontal distance, then Snell’s Law may be
expressed as !

\

Zola -} So8 8 Ng A TGS Ty, (2.23)

where n is the refractive index at a given height h, n  is the refractive
index at the earth’s surface, a is th. earth’s radius, B is theray incli-
nation angle at height h, and @ is the ray inclination at the earth’'s
surface. Figure 2,6 shows a typical ray leaving the earth at an angle
¢, and passing upwards through the atmosphere. By the time it has
arriveet ai height b, it basbeen pent downward by atotal angle T, which
can be calculated ‘f one knows the way in whick n changes with height,
This figure will be referrzd {o later when the method for computing




Figure 2,6, The Geometry of Ray Bending.

total bending, 7, and the associated radar elevation angle error, §, is
developed,

2.3.5 Scattering

The presence >° thermodynamically dissimilar parcels of air in
the atmosphere is responsible for a propagacion mechanism which has
not been considered previously and which is known as ‘‘scattering®’
It has been found experimentally that when one proceeds away from a
transmitter with areceiver near the surface, the fields beyond the hor-
izon decrease exponentially at a rate which agrees with diffractiorn
theory for quite some distance (see fig, 7.1), As one proceeds further
2w+ I oim the transmit- v, however, the attenuation rate suddenly de-
creases (the fields decrease with distance at a much slower rate). In
other words, beyond a certain critical di tance, thereceivey fields are
much stronger than can be accounted for by diffraction theory. The
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mechanism by which these ficlds are produced is called scattering.
Each parcelabove the horizon, which is illuminated by the transmitter,
scatters a small part of the incident energy in directic.. other than
along the straight line path from the transmitter through the parcel,
Most of the cnergy. of course, continues straight through, If a particu-
lar parcel is above the horizon for both the transmitter and the re-
ceiver, part of the scattered energy will be directed toward the re-
ceiver. The scattered field at any point may Le regarded as the sum
of the energies scattered by a multitude of such parcels and directed
toward the point in question, Theories have been developed for com-
puting the fields to be expecied by such a mechanism; by posivulating
reasonable An values and a spectrum of parcel sizes, one can compute
fields which agree well with those observed. One of the current prob-
lems in tropospheric propagation research, centers around proving or
disproving this theory of scattering, Refractometer data show that at
the heights required for the parcels to be visible from both terminals
over long paths, the actual n fluctuations are smaller than those re-
quired by the theory to explain the observed fields., This has led to the
postulation of a multiscattering mechanism, in which the energy is scat-
tered from parcel toparcel several times before reaching the receiver,
In such amodel, the only parcel-height requirement is that a particular
parcel be in theline of sight of the previous and the succeeding parcel,
and not necessarily be in the line of sight of both terminals, This per-
mits the scattering to occur lower in the atmosphere where the An val-
ues are much greater., The only difficulty with this proposal is that
an analytical treatment of multiscattering becomes very complex and
has in fact not yet been worked out., A further complication occurs when
one considers that, because ¢f atmospheric stability, the parcels are
probably flatterned like pancakes, rather than being globular. A great
deal of experimental evidence exists, however, which seems to support
the multiscattering hypothesis with flattened parcels,

In any case scatter fields do exist; they are stronger at night than
in midafternoon, and are stronger in summer than i winter, Even at
their weakest, they are much stronger thandiffraction fields over paths
greater than a few hundred mile- *: length,

2.4 Summary

.n this chapter we liave described briefly some of the operational
anomalies actually observed in the performane * of radio-radar equip-
ment and have discussed the physics1 ; henomena which are important
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ingroducing the anomalous performance observed, Of these phenomena,
absorption, interference, »ad diffraction are not significantly affected
by varying atmospheric parametersand donot, therefore, produce crit-

ical weather problems in the field,

On the other hand, refraction, reflection, and scattering are most
commonly (except inthe case of reflection) produced by inhomogeneities
in theatmosphere which in turn are attri*auiable to variations in mete-
orological parameters, Of these, by far th. most important in explain-
ing or nredicting the anomalous performance of navalradio-radsr equip-
ment is refraction, It is for thisreason that the remaining three parts
of this manual are devoted principally to a detailed discussion of atmos-
pheric refraction,




PART II

THECRY OF ATMOSPHERIC REFRACTION
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3. THE ATMOGI’HERIC REFRACTIVE INDEX

3.1 Definition

It was mentioned previously that the propagation velocity of all
electromagnetic energy in a vacuum is a onstant {c = 3,0 x 108 cm,/
sec.). Inatmospheric gases this velocity is 1 educed slightly, Theratio
of the velocity of propagation of electromagnetic energy in a vacuum
to that in a particular medium, is defined as the refractive index of the
medium as was described in section 2.3.4. This quantity, designated
as n, generally varies with wavelength and, of course, from medium to
medium, In tropospheric air (within the wavelength band from 1 cm,
to 10 m.,) the refractive index is, for ail practical purposes, independent
of wavelength and has avalue slighily greater than unity, At sea level,
values range from approximately 1,000250 to 1,000450, with values near
1,000350 frequently found over an ocean surface,

To facilitate numerical computation it is more convenient to de-
fine a derived index, called the ‘‘refractivity’’, as follows

N=(n-1)x10%, (3.1)
The atmespheric refractivity ranges from 250 to 450 N-units at sea

level, It isalsopossible toexpress N asa function of totalatmospheric
pressure, temperature, and water vapor pressure, as follows

N = -:%(P ¥ —3,1,3) , (3.2)

where P and e are in millibars and T isin degrees absolute, The con-

Stants,_A and B, rav. “sen determined experimentally by a number of

investigators; A is the dielectric constant for dry air and B is the water

vapor dipole moment constant, Smithand Weintraub[22] have evaluater

the results obtained by numerors investigators and have recommended

the value of 77.6 for A and the value of 4,810 for B, Equation 3.2 is
frequently written in the following form:

!

- sl o) '
11,6 T + 3,73 x 10 o2/ (3.3

where the first and second terms are called the ‘‘dry’’ and the ‘‘wet’’
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terms, respectively, Sinceboth I and e normally decrease with height
above sea level, N alsodecreases 's with helght The exact way in which
N varies with he1ght is of course deiermined by meteor ~'~gical pro-
cesses and has a profound effect upon radio~-radar propagatiun,

In the event that available moisture data are expressed as rela-
tive humidities, equation 3.3 may be written a< foliows:

. _2) ' 5( esRH)
N = 1717.6 ( T - 3,73 x 16 T , (3.4)

where eg is the saturation vapor pressure in millibars and RH is the
relative humidity in percent,

It may be well to point out that both n and N are space and time
functions which in general vary from place to place in the atmosphere
and which in general vary with time at a particular point. The pre-
cecding formulae permit one to determine the refractivity for one par-
ticular place and time; namely, the place and time represented by the
values of pressure, temperature, and humidity used, Ingeneral the path
which aradio-radar ray will follow is primarily determined by the gra-
dient of N rather than by N itself as was discussed in section 2.3 4(b).
N-gradlents may be determined from a series of discrete values of N
in the region of interest, or the gradients may be determined by dgirect
measurement with suitable equipment,

3.2 Methods of Measurement and Computation

Direct measurements of the propagation velocity of electromag-
netic energy in a particular medium can be made and, when compared
with the speed of light, give a direct measure of the refractive index
or refractivity, Becauce of the compiexity of the equipment needed,
this approach is impractical for operational use,

3.2.1 Refractometer

A morepractical way tomeasure the atmospheric refractive index
was developed in the 1940’s by Birnbaum [7] at the National Bureau of
StanGaa o~ ~md, somewhat l.isr, in a slightly different form by Crain
and Lean {8f at the Umversity of Texas, The refractometer, as the
instrurnent is calied, essentially measures changes in the dielectric
constant of the air inside a perforated cylindrical cavity. This is done
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by feeding electromagnetic erergy of about a 3-centimeter wavelength
into a cavity which has been machined to resonate over a very narrow
band of wavelengths, Changes in the dielectric constant of the air in-
side the cavity cause the resonant frequency of the .. rity to change
proportionally, By using two cavities (one being hermetically sealed
and containing either dry a.r or vacuum and the other being perforated
to allow passage of outside air) one can detect very small changes in
the resonant frequency of the perforated -~vity. Since the refractive
index in this case is simply the square root of the dielectric constant,
these changes can be recoriled as changes in N. The sensing lag of the
device is limited only by the time needed to introduce new air into the
cavity, Since the volume of air contained in the cavity is very small,
the speed of response maybe reduced to a fraction of a second by care-
ful design of the ventilating ducts or ports,

In spite of varicus simplifications which have been made in re-
cent years, the refractometer is arelatively complex and heavy instru-
ment, which isnot yet suitable for expendable balloon borne op=erations,
Its main use has been aboard aircraft, and many hundreds of vertical
and horizontal profiles of refractive index have been recorded, particu-
larly in the continental United States and Alaska, Very recently, re-
fractometers have been installed in AEW-~type aircraft and in certain
carrier-based types, In thefuturerefractometer data may be expected
to become available tomost Jarge operational forces, It should always
be used in preference to derived N-data, whenever there is a choice,
because of its greater precision and because it reproduces the ‘‘fine’’
structure of atmospheric refractivity,

3.2.2 Temperature, Pressure, and Humidity Method

Since N is a function of P, T, and e, it follows that whenever
measurements of these quant1t1°s are available they also serve to de-
fine N. At the su.iare ilig coucvational Lorometer, thermometer, and
hygromecer may beused to determine N; alet +he radiosonde provides
the necessary measurements, From values of P, T, and e, N may Le
computed using equations 3.3 or 3.4, The part1cu1ar features of the
radiosonde which make it useful for propagation purposes are that it
measures the requirzd quantities as functions of height, and thatrecor *
data are available which have been obtained over periods of many years
«1d from “undreds of siations having a wide geographic distribution,

All meteorologists recognize that tic radiosonde has certain de-
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ficiencies which make it somewhat less than ideal, particularly in the
measurement of humidity, The high iag coefficient of the humidity
sensing element. particularlyat low temperatures, causes the resulting
_Ij (namely, the height profile) to deviate fromits trueshap. The effect
of these deviations on radio propagation perhaps is not as serious as
it may be for other purposes, The reason for this is that, as will be
shown later, anomalous propagation effects are principally conditioned
by the gross features of the N-profile; the fin¢ structure is not of first
order importance, This does not mean that for propagation work, im-
provements in the radicsonde areunnecessary; rather, they are greatly
desired (see section 3,3.3)., It does mean, however, that record radio-
sonde data can be used to good advantage in spite of its shortcomings,

Comparisons between N-values obtained from reiractometer
measurements and those computed from radiosonde data are in good
agreement as to the gross structure present, but of course the fine de-
tails are largely missed in the computed radiosonde values, Figure
3.1 is anexample of such a comparison, Where appreciable deviations
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occur, it hasbeen focund th:i thesz were caused by prenounced humidity
fluctuations, as would be expected,

Inpropagation problems, one is continualiy faced w.th the problem
of reducing P-, T-, and e-data to N-values at numerous heights, Over
the years, various methods have been devised for computing N, These
take the form of tables, slide rules, ans'ogue computers, and nomo-
grams,

(a) Refractive Index Nomogram

Perhaps the most convenient of these, for use when great pre-
cisionis not required, is theromogram shown infigure 3.2, Pressure,
temperature, and humidity are shown in the units commonly used in
radiosonde data tabulations; i.e,, pressure in miilibars, temperature
in °C,, and dew point in °C, It isparticularly convenient in that the fig -
ure and a straight edge are all that is required. Assuming no error in
entry data, the accuracy of the N~values soderived is £ 1 N-unit, which
is compatible with the accuracy of radiosonde data, In addition to fig-
ure 3,2, a larger, full-size version of the refractive index nomogram
is provided as a loose-leaf inclusion to this manual and is marked as
chart I,

The required simple instructions for use of the nomogram appear
thereon, For example, suppose the value of pressure is 1,000 milli-
bars, the temperature is 20°C,, and the dew point is 4°C, First, find
the intersection of the 1,900 millibar pressure line with the 20°C, tem-
perature line, Then connect this point with the 4°C, divisicn on the dew-
point scal~ and read off an N-value of 300 where the straight edge inter-
sects the refractive index (refraciivity) scale,

(b) Refrariiv.: Tndex Diagram

Another method for determining refractivity irom pressure, ter: -
perature, and humidity data is illustrated in figure 3.3, This diagram
has been designed for use in aircraft, in that the arguements used are
pressure altitude in feet, dry buib temperature in °C., and wet bulb tem-
perature in °C, Values of N may be read directly from the diagram
wit:. o precision of 21 ™ anit, assuming the entry data is without error,
In. addition te figure 3.3, a larger, full-size version of the refractive
index diagram is provided as a loose-le. { inclusion to ths manual and
is marked as chart 1,
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REFRACTIVE INDEX DIAGRAM

(ARGUMENTS - PRESSURE ALTITUDE, TEMPERATURE, AND WET BULS TEMPERATURE)

+TT 3

23000 FEEERHEHTY : 2 T Ne 300 _’_(_E_Y_,
22000 FEEEER O BRI IS e TR INSTRUCTIONS
pr 2 o ON BACK
21000 B H T i
HH ;'J HTPR &
20000 FEEEFEEELY S0 M ?
90 g HHT
” o et PA »2000'
18000 HEER 80 Hh HEEEREH Lrise  Tedne
17000 PREEEF INFEEZzeE 3 - 17000
HEFRR FErT RN
18000 REHHE HHH P 16000
HH¥R 0, HHHH 180
13000 HEHries HHHH HHHHH H 15000
R . H =
100 FEEEERNG sresss 14000
Nuswusas n
12000 R HH Ht 3 13000
200 i H :
JLLELL | R KN W 1 1
12000 3 i Ht A 12000
H 0 wal
11000 s laidae a: 11000
xun\Q/ B . U} snas
13 X
1 10 RP. o m
10000 H H O DN 1000
TR s TR td
9000 t GHEH : : H i S 9000
H H 230 a ! =)
SoH Tt HPRNS i 1 =]
L |80 11 }uh H ) 4 Y s 00 ):
. 1
8000 e o] ==en 1y X " BRI % 5
1 IR 11 1 183 3 <
H i NI 7000 W
7000 HTMNH:: -HHH x 3 U
AEBA. QL) Tl ® 1] ] 1
’aq  REY “l__ Y 30 1 241 i { 1 ] S
N 11 ‘__' TIT A 3 X 7]
§000 . i i 6000 3
S 1l tBArN) o«
¢ HHPMLT N2601-H H Y [
3000 Y001 H 1t 5000
15X 1] y 13 H
IR L1 B 2
"3, < TN 1 :
4000 ‘f\,,o L R >nal : N 4000
ity e -4 {
AN 3 e e 2%!25\ (A 1
3000 Tt e 1 TSR 1 3000
R N ; ; SO IR
"'0' 0" ATCrT2agRes TN - ! H] T 1. ) (1
2000 M- e e e R I TN T TR e : ] 2000
n+— b N LqH ) ‘3:~ ) ] HM 3 N Iy &
'y, K 1 ) \x wny 2
MW Y 1 B! T A gE NCu il
1000 HE Rt H B an 2 s S ; 1000
0, It IR SRS b ”c
20| (] T 2rQ '
1 : T « 10
) ! M st °
} 1 NN i 3 1 X
N (]
-1000 1 S sia ol y ~1000
-0 -850 -40 -30 -20 -10 o 10 20 30 40
JEMPERATURE=-DEG. C
ARG e @%,EZ
- TOUNC ASTY
auarn
Figure 3.3. Refractive Index Diagram. (Chart 10




- 38 -

Use of the diagram is explained by the inset in the upper right-
hand corner of figure 3.3 and in the simple insiructions which appear
on the back of chart II, For example, suppose the prassure altitude is
13,000 feet, the dry bulb temperature is 10°C, and the*. -* bulb tem-
perature is ~2°C, First locatethe 10°C, and -2°C, points along the hori-
zontal 13,000 foct pressure altitude line, Then follow the straight,
sloping dry bulb temperaizre curve up and to the left from the 10°C,
point and the curved, concave-downward wet “uulb temperature curve
up and to the left from the ~2°C. point, until u.ese two temperature
curves intersect, At the point of intersection read off an N-value of
175 from the curved, convex-dowvnward refractivity curves.

(c) Refractive Index Overlay (Arowagram)

Whenever pressure, temperature, and moisture data are already
displayed in the form of a plotted sounding on the Arowagram (the ther-
modynamic chart in commonuse in the U, S, Navy), it is most convenient
to obtain N-values for various levels of the sounding by using the re-
fractive index overlay (see fig, 3.4). This overlay has been especially
prepared for use with thelarge-size Arowagram; it cannot be used with
other forms of thermodynamic charts,

Use of the overlay is explained in the following instructions and
recominended computational procedures:

1. Plot temperature (T) and dew point (T4) on Arowagram
and place overlay in register,

a, Carefully place a dot on the overlay in register
with each plotted point (T, T4) with a grease pen-
cil, Connect each pair of temperature-dew-point
dots at the same pressure level with a line so as
tc identify nairs of values.

b. If theacw-pointdata is missing extend < line ¢ the
left of the plotted T-value for about 10°C,

c. If ‘‘motorboating’’ is reported for the dew point;
determine the saturation mixing ratio at tempera-
ture T and multiply by 15 percent to obtain a '‘mo-
torboating®* mixin> ratio. Plot the dew point for
this motorboating mixing ratio at the same pres-
sure level, Connectthe points with: line as befcre,
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2, Remove overlay and place on a white surface, Deter-
mine N by following the projection scheme given in the
insetat the upper right-hand corner of figure ? 4, mark-~
ing each point with a grease pencil of a differc... color
than the one used for the T- and Ty-dots. Connect each
dotas it is determined totheprevious dot with a straight
line, This is toavoid inverting th- sequence of the dots.

3. Read thevalue of N from the curves and place this value
alongside eachdot us it isread, Interpolateto thenear-
est unit value of N,

4, Relabel thetemperature lines in the lower left-hand cor-
ner of the Arowagram as follows: -80°C. as 100; -60°C.
as 200; -40°C, as 300; -20°C, as 400, and plot the N~
values as determined in (3) above at the correct pres-
sure levelon the Arowagram, Connect thesepoints with
straight line segments, Thisis the N-profile as a func-
tion of pressure. This plot maybe directly (and easily)
compared with the temperature cnd dew-point curves
which are already plotted further to the right, The N-
profile may thus be related to the existing synoptic sit-
uation,

The refractive index overlay was completed prior to the survey
of the constants A and B, which was mentioned in section 3.1, and the
values A = 74,4 and B = 4,973 wereused in its construction rather than
the currently accepted correct values (77.6 and 4,810). As a result N-
values as determined from figure 3.4 are consistantly too low (5 to 15
N-units) and should not be used together with N-values determined by
any other means in computing N-gradienis in a layer, So long as both
N-values (tcp and bottom of the layer) are determined from figure 3.4,
the error introduced in the computed value of the N-gradient is entirely
negligible, As will be seen in later paragraphs, it is the N~-gradient
(not the discrete values of N) which affects the perfermance of radio-
radar equipment, For this reason the refraciive index overlay may be
used for most practical computations in spite of the inherent errcrs
contained in individual N-values as determined from it,

Ju acdition o figure 3.4, a larger, full-size overlay (for use with
the large Arowagram) has been printed on ‘~ansparent paper and is
provided as a loose-leaf inclusion to this manual (chart III), Although
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chart III can be used directly in its present form, it is suggested that
working copies be made on transparent plastic stock using the Ozalid
(or other) duplicating process. Routine use of cha ' I in its present
form will soon result in its destruction,

3.2.3 Radar Method

Since variations in the vertical, refractive index structure in the
troposphere are the prin:ipal cause of anomalous radar propagation
one can use the measured characteristics of radar field strength versus
height and range to deduce an'‘effective’’ refractive indexprofile, The
details of anoperational method for doing this are described in section
6.4, There are certain advantages and some disadvantages to using
this approach, Theprincipal advantage is that the profile deduced is an
effective profile »veraged over many miles, rather than one represen-
tative of a single set of points as a radiosonde ascent would be, Fur-
thermore, one would expect such a profile to have a better correlation
with propagation effects, since it was derived from actual propagation
measurements, The disadvantages of this approach are that it requires
radar equipment and aircraft for making the measurements, and that
one can deduce only cer..in gross features of the refractive index pro-
file, rather thanits detailed structure. There are operational situations,
however, when current radinosonde data are not available, in which the
radar method can be very useful,

3.3 Refractivity Gradients

Most tropospheric propagation anomalies are caused by the bend-
ing (refraxztion) of radio-radar waves and suchbending is in turn caused
by gradients in the refractive index, rather than by the absolute value
of N itself. In fact, in anatmosphere of constant N no refraction occurs
irrespective of .%ic -al> of . Since gradients in pressure, tempera-
ture, and humidity exist in the atmosphers, refractivity gradients must
also occur,

By far the strongest and most persistent gradients inrefractivity
are observed in the vertical plane. The largest and most persisizat
contribution to the decrease in refractivity with height is the pressure
gradent whch 2mci.es to about 35 millibars in the first 1,000 feet
above sea level, For a similar pressure change to take place in the
horizonial plane, eveén in association w.:h a deep low pressure center,
would require adistance of many hundreds of miles, Similarly, vertical




- 49 -

gradients of temperature and huuiidity are usually much stronger than
those in the horizontal plane, For these reasons, in the study of prop-
agation anomalies we are primarily concerned with grac‘~ats in the
vertical plane, Aswill be apparent to the meteorological officer, these
vertical gradients are strongly affected by meteorological processes
such as advection, subsidence, turbulence, radiation, and evaporation,

3.3.1 Standard Refractivity Profile

If one averages out in time the local variations in refractivity at
various heights, there results what is defined as the ‘‘standard refrac-
tivity profile’’, such as that shown in figure 3.5. In the troposphere,
the vertical decrease in N is exponential, reaching a certain constant
value of N at the tropopause, regardless of the surface value, In the
stratosphere a single exvoonential curve is sufficient to describe the
average profile, The mathematical form of each of the two segments
of this profile may be written as

-ch
Nj, = Ng exp. , (3.5)

where Nj, is the refractivity at height h, Ng is the refractivity at the
earth’s surface, h is height in thousands of feet, and ¢ is a constant
which depends upon Ng. I one assumes a coastant value of N at the
tropopause of 61,0 units at a height of 42,500 feet, the constant ¢, in
the troposphere, may be expressed as the following function of N,

In Ng
C= I35 - 0,0968 . (3.6)
Values of ¢ corr: sponding to several values of N are given in table 3.1,
TABLE 3.1
Ng c
N-Units Per Thousead Feet
465 0.0478
400 0.0442
350 0,0411
318 0.0388
106G : 0.0375
373 0.0351
250 0.0331

Values of the Exponential Coefficient {(c) fur Various Values of Surface Refractivity (Ng),
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The stratospheric segment of the standsrd refractivity profile may be
expressed as

Nh = 465 exp.— > (307)
where h is the height in thousands of feet.

This two-segment form of the standard re. activity profile was
derived from data presented by Schulkin [20] and has been found ie fit
observations quite adequately. It should perhaps benoted that the stan-
dard refractivity profile here defined is not necessarily identical with
either the U, S, or the ICAO Standard Atmospheres, By selecting Ng
equal to the value computed from the U, S, Standard Atmosphere sur-
face values (U, S, Standard Dry, Ng = 273 and U, S. Standard 60% RH,
Ng = 318), an N-profile is obtained which agrees, in the troposphere,
with that obtained by calculating N-values from U, S, Standard Atmos~
phere pressure, temperature, and humidity data (using equation 3.3 or
3.4),

One may constiruct the standard refractivity profile described
above, using semilogarithmic plotting paper as follows:

i. Layout height on the linear scale and reiractivity on the
logarithmic scale,

2, Plot the tropopause point at N = 61,0, h = 42,500 feet.
3, Plot a point at N = 485, h = 0 feet,

4, Lay a siraight edge on these two points and draw in the
stratospheric segment above h = 42,500 feet.

5. Plot a point at the desired N at h = § feet.

6. Lay astraightedge on thispoint and the tropopause point
and draw in the desired tropospheric segment below h =
42,500 feet,

It shoul.s .7 ronlized thai the ¢ir ~cture depicted in figure 3.5 is a long-
term av:rage, aud that sigaificant departures, particularly at low alti-
tudes, are to be expected. Furthermore the he';ht of the tropopause
varies seasonaliy and with latitude, but these departures will not cause
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serious deviations from th+ N-profile as describedabove, The behavior
of radio propagation in a standard atmesphere will be discussed in de-
tail in the next chapter.

The gradient of refractivity, N, in a standard atmosphere, maybe
obtained from the general equation of the standard refractivity profile
by differentiation (of equation 3.5) with r :spect to h as follows:

dN _ 4 -c
T - a W exp. B,
or (3.8)
dN _ -ch
-&H' = CNS €Xp. s

wheregh—N is given in N-units per thousand feet, Ng is the surface re-
fractivity, c is the coefficient given in table 3.1, and h is the height ex-
pressed in thousands of feet,

We see that the N-gradient is negative in the standard atmosphere;
i.e., the value of N decreases with height, and that the magnitude of the
gradient also decreases with height, Values of N-gradient for several
altitudes in the standard troposphere are given in table 3.2; surface
values for pressure and temperature were taken from U, S, Standard
Atmosphere with 80 percent RH; i.e., Ng = 318, It will be noted that
the N-gradient in the standard atmosphere falls from an average value
of about minus 12 units per thousand feet in the lowest layers to an
average value of about minus 6 units per thousand feet in the midtropo-
sphere,

TABLE 3.2

h s

Feet N-Units/Thousand Feet
Surface -12,3
1,000 -11.8
10,000 - 8.4
I 20,004 - 5,6
[ 30,000 - 3.8

Values of N-Gradient in ¢the Standard Atmospher:z (Ns = 318) for Several Altitudes in
the Troposphere,
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3.3,2 Actual Atmosphere

In order to evaluate N-gradients in the actual a: -"osphere it is
recommended that aplot of N versus height be constructed, The height
scale may be constructed in ‘erms of geometric height, pressure alti-
tude, pressure, ete,, depending upon the application intended, For most
purposes a simple linear plot of N versus ge. metric height or pressure
altitude will suffice, It is recommended the ordinary 10x10 per inch
graph paper beruled off with height (2,000 feet to the inch) as the ordi-
nate and with refractivity (50 N-units to theinch) as the abscissa, Such
an N-profile is shown diagramatically in figure3.6. Inorder to rapidly
evaluate the N-gradient in the varicus layers cf the profile an N-gra-
dient overlay has been prepared and is shown in figure 3.7, This over-
lay has been designed for use with N-profiles constructed as shown in
figure 3.6; it may be ﬁl_ed on any N-profile chart having linear h- and
N-scales with a ratio <33 equal to40. Inaddition tofigure3.7, an over-
lay has been printed on transparent paper and is provided as a loose-
leaf inclusion to this manual (chart IV), As in the case of chart III it
is suggested that working copies be made on transparent plastic stock.,

The overlay is used by matching one of the sloping lines on the
overlay with the slope of a section of the plotted N-profile (the N~ and
h-reference lines on the overlay must be parallel with the vertical and
horizental lines on the graph paper)., 'sthe value of the szlected sloping
line is the estimated N-gradient for the section of the profile concerned.
This process can he repeated until the gradients of all lzyers are de-
termined,

In orde: to classify the refractive properties of layers conven-
iently, four zones are defined as follows:

1 T AN AV AT 4 - . .

1. Subrefraciive z.-> 8N N increases with height. Rays
curve upward with reference to a styaight line (opposite
in sense to the curvature of the earth’s surface). Radio-
radar ranges are signi‘’.cantly reduced; occurrence quite
rare,

AN 24 . .

2. Normal (0 >35 >- 7gpg); N decreases with height,
Ravs curve dowi.ward (in the same sense as the curva-
ture of the earth’s surface) but not as sharply as in zone
(3). Radio-radar performance is ;¢nerally undisturbed.
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. 24 48
3. Superrefractive \~ 7500 >%} > = 77000 N decreases

withheight, Rays curve downward (in same sense as the
curvature of the earth’s surface) more shar—'vthan zone
(2) but not as much as the curvature of the ea.th’s sur-
face. Radio-radar ranges are significantly extended;
occurrence quite frequent.

4, Trapping(- f%g_o >—ﬁ—§§); N decreaseswithheight, Rays
curve downward more sharply than, and in the sarme
sense as, the curvature of the earth’'s surface., Radio-
radar performance is greatly disturbed; ranges extended
greatly, appearance of radar holes, etc.; occurrence not
frequent,

In practice construct the N-profile from refraciometer values or
from radiosonde data and, using the overlay (fig, 3.7), evaluate the N-
gradient in each layer, I.abel each layer with the gradient value and
designate the type of refractive zone by color shading in accordance
with the color code given on the overlay (see fig, 3.6 as an example),
All superrefractive and trapping layers may then easily be identified
ircm an inspection of the completed N-profile., Each of these layers
should be examined for possible influences onthe particular radio-radar
systemn in operation, using the methods described in part III of this
manual. For computational purposes use the actual N-~values obtained
for the base and top of each layer, not the N-gradient as read from the
overlay (fig, 3.7).

3.3.3 Limitations in Usiug Radiosonce Data

In using radiosonde data, as distinguished from refractometer
data, the meteorological officer must keep certain shortcomings of the
system in mind, §neceatly, thece are:

1., The large lag (long response time) of the humidity ele-
ment which has a terdency to reduce the values of all
recorded gradients, to increase the apparent thickness
of all superrefractive and trapping layers, and to raise
the apparent height of the top and bottom of all layers.,
This lag tine . principally a function of temperature;
decreasing with increasing temperature,

2. The sequential method of tran<mitting temperature,
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humidity, and references vhich make it entirely possi-
ble to miss a superrefractive or trapping layer of any-
thing less thanabout 300 feet in thickness. Theresponse
of the temperature element, while the humidity . ement
is *‘off the air’’, can at best only given an indirect clue
as to the presence of a refractive layer, since N varies
only slowly with temperature, -

3. Thepoorlow-temperature response of the humidity ele-
ment, At temperatures below -40°C. the response of
this element virtually ceases which, along with the se-
quential system, makes evaluation of refractive layers
in the middle and upper troposphere nearly impossible
with the present instrument,

4, Incases wheraN-~profiles are plotted from coded radio-
sonde reports, even when both standard and significant
levels are available, errors may be introduced due to
the application of the Circular *‘P’’ instructions. The
criteria defining a significant level from the humidity
trace operate in such a manner as tooften mask out the
all-important, rapid decreases in humidity. When local
soundings are being evaluated, this deficiency may be
overcome by instructing all raob observers to be alert
for such transients and to evaluate humidity significant
levels critically.

3.3.4 Radiosonde N-Gradient Overlay (Arowagram)

In order to minimize the effects of lag in the computation of N-
gradients, an overlay for use with the Arcwagram (fig, 3.8) has been
prepared by Comdr. 7.. C, Clarke, USNR, and associates at U, S, Fleet
Weather Facility, Argentia, Newfcundland [24]. This overlay has been
designed so as topermit the analysis of N-profiles piotied on the large-
size Arowagram as described in section 3.2.2{c).

The principal parameter in radio-radar meteorology which de-
termines ray geometry (as has been shown) is the gradient dN/dh or
AN/Ah where h is the true o~ gecmetric height increment, The eval-
uation ~f AN/AF from N-profiies plotted as shown in section 3,.2.2(c);
i.e., refractivity versus pressure; requires re‘2rence to a pressure-
height curve for the particular sounding in quesiion, It has been shown
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[24] that within the range of current radiosonde inaccuracies, the gra-
dient AN/Ah may be replaced by AN/ AZp (Zp = pressure altitude) with
sufficient accuracy for computational purposes,
We have by definition
4h = AZ, + AD , (3.9)

then

AN AN [/ 1 AN 1

AL = 7 \ AD /T _AE— —] (3.10)
AZy,

where D is the altimete correction and § is the specific temperature

anomaly after Bellamy [5]. Possible values of 5 range from about plus

100 feet per 1,000 feet to minus 150 feet per 1,000 feet, with plus or

minus 50 feet per 1,000 feet being probable extremes in the lower tro-

. . N
posphere. Hence, the approximation 3+ equalsﬁ-may be accepted
without introducing errors greater than about 5 perc%nt.

If the radiosonde actually reported true values of temperature
and humidity as functions of pressure, the identification of trappinglay-
ers would require simply the construction of an overlay with isolines
drawn for agradient of minus 48 N-units per 1,000 feet (Z,)) at suitable
intervals; AN/ AZp equal to minus 48 N-units per 1,000 feet being the
critical gradient for trapping to occur. A visual comparison between
the slope of these isolines and the slope of various sections of the N-
profile as plotted in section 3,2,2(c) would delineate trapping layers,
Because of the effects of radiosonde humidity-and-temperature-element
lag, as described in section 3.3.3, many real trapping layers are not
detected by this methaa,

AZ

Consider aradiosonde ascending at afixed rate %:—'1 = R (a con-

stant), then

AN AN/At 1 /AN
. = = ('—_‘) » (3.11)
AZ,  AZp/Aat R At

which shows that *he gradient of N is adirect function of AN [At. From
equaiion 3.2 we have




4
N = A.(-fi__% AB (—%) ,
Vi ’I‘.« [
and by differentiation with respect to time
dN _ A {dP\ (AP 2ABe\ 4aT (de‘
dt th/ 3 )& dat/ ° (3.12)

Clarke [24] has shown that for a typical ascensional rate (R = 300
m./min, = 16.4 ft./sec.) the contribution of the first term on the right-
hand side of equation 3.1%2 ranges from about minus 0,16 N-units per
second at the surface tominus 0,10 N-units per second at 500 millibars,
Similarly, the contribution of the second term in equation 3.12 is less
than one N-unit per second in magnitude, while under typical tropo-
spheric conditions the third term may have values.as large as minus
10 N-units per second. Thus, the contribution of the first and second
terms may be neglected in comparison with the third, and we have

(3.13)

AN AB (Ae)
At T2

) At

Since most real trapping layers are quite shallow (200 to 400 ft.) we
may assume that no significant temperature changes will occur within
the layer, Therefore, from equation 3.11 we have

AN
Az ¥ C (_AE_) s (3.14)
p AZp

_AB
where the ‘‘constant’ C = Thus, we have shovm that the rate of
change of N is principally a fR nction of the rate of change of the vapor
pressure,

The humidihwv .'emrent in the preceut radiosonde is a relatively
inaccurate and slow-responding sensor, itsiag in a clhanging environ-
ment is a function of the temperature, the vapor pressure, and the ~_-
rection of change of the relative humidity, Of these factors, tempera-
ture is the most important, and it may be taken as the only factor in-
fluencing the humidity sensor’s lag, without introducing appreciailc
error,

Using the approximations described in the preceeding paragraph
and using an error function of the form
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- _{ANY [, At/
€ |\At) £ \1 e ) s (3.15)

where € is the error in N introduced by lag and _§ is the '~g coefficient
in seconds, Clarke [24] "has derived an expression for the «pp.arent N-
gradient in a layer (as measu-ed ky the radiosonde) required for trap-
ping. This expression is

[(ZAZ—E:;)trapping:] - -[(&A-lip)trapping‘i ( if /'§ ( 1- eAt/g)'

apparent actual

or

(3.16)

(A4 - sorg (1)

Azp/ trapping

2
apparent

where R istheascentional rate infeet per second, Ah is the layer thick-
ness in feet, and £ is the humidity sensor lag coefficient in seconds.

In order to compute the apparent critical N-gradient from equa-~
tion 3.16, £ must be specified and this requires a knowledge of the tem-
perature structure. The ICAO Standard Atmosphere (S = O) can be used
as an initial reference, but since the variation of ¢ with T is large,
auxiliary standard atmospheres for £ = £50 and S = + 100 must also be
en .oyed to provide the range of temperature structures found in the
real atmosphere, Typicalvalues of the apparent, critical N-gradients,
given the N-units per 1,000 ieet are:

S =-50 S=0 S = +50 S = +100
For Zp =0 ~-i8 =25 -36 -42
For Zp = 10,000 feet -5 -12 =21 -31

If one: remembers that the true, critical N-gradient is minus 48 N-units
per 1,000 feet, the large errcr introduced by the lag of the humidity cle-
ment is al once apparent,

I crier 1o construct the radiosonde N-gradient overlay (fig. 3.8),
the apparent, cri.ical N-gradient was compu 2d at selected pressure
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levels and was rlotted on an Arowagram at the correct N and pressure
values, Since the N-valiues at a given temperature T are a function of
the huraidity, and since the ICAO Standard Atmosphere makes no pro-
vision for moisture; three values of relative humidity wereused; 0 per-
cent, 60 percent, and 100 hercent in order to cover the nge of all pos-
sible situations. In orde that heights remain unchanged, the virtual
temperature must be used, Smooth equally-spaced curves were drawn
parallel to the computed gradients, Thr se curves define three areas
on the N versus P plot on the Arowagram corresponding to the three
atmospheres; S = + 50, S = 0, and S = -50, It was found convenient to
extend each area to the right so as to include the adjacent portion of
the next area; e.g., S = + 50 was extended to the right s¢ as to incvlude
apparent gradients for a S = + 100 atmosphere,

Use of the radiosonde N-gradient overlay is explained in the fol-
Jowing instructions and recommended computational procedures:

1, Carefully place the overlay in register over the Arowa-
gram, The S = 0 curves are aligned initially,

2. Examine the temperature sounding (T vs. P) carefuliy
to determine which layers of the sounding fall within the
S = 0 parallelogram. Place grease pencil tab marks on
the N-profile s¢ as to properly delineate this (these)
layer(s). Repeat this procedure for those layers which
fall into the S = + 50 and S = - 50 areas,

3, Layers within the S = 0 parallelogram,

a. Carefully compare the gradient (slope) of each
straight lire segment of the N-profile with the slope
of the apparent trapping gradient shown on the over-
lay. If the slope of the N-profile is greater, then
that layer is marked as being a trapping layer,

b, If & segien: of e M-profii. is exactly parallel to
a trapping gradient line on the ¢ serley. mark it as
being a trapping layer,

c. If segments of the N-proiile have slopes close but
not equal to the apparent trapping gradient, these
layers may be trapping layers, Examine the sound-
ing tn sc. :° there are meteorological indications
which suggest that a trapping layer should be pres-
ent, If so, evaluatethelaye: (layers)as a trapping

layer(s).
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4, Layers S =+50andS = -50,

a, Invert the overlay, Place the appropriate curve
inregister aand proceed to evaluate as in(3) above.

Each trapping layer identified should be examined for possible influ-
ences on the particular radic-radar system in operation, using the
methods described in part III of this manual, For computational pur-
poses use the actual N-value observed at the lu_ :r base and the actual
2ritical N-gradient ( %‘l = - 48 N-units/1,000 ft.) to determine the most
probable N-value at the layer :op. Heighis of the base and top (and
layer thickness) may be determined for all layers of interest from the
pressure height curve,

Inaddition to figure 3.8, 2 larger, full-size overlay {for use with
the large-size Arowagram) has been printed on transparent paper and
is provided as a loose-lzaf inclusion to this manual {chart V). As in
the case of charts III and IV it is recommended that working copies of
chart V be made on transparent plastic stock.
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4, THE STANDARD ATMOSPHERE

in the preceeding chapter we have defined a ‘‘<tandard refrac-
tivity profile’’ in a ‘‘standard atmosphere’’ and have dis...3sed the com-
nutation of N-gradient va.ues in both the standard and in the actual
atmosphere, In this chapter we shall discuss the effect of refractive
gradients in the standard atmosphere upc. —ropagation and shall des-
cribe the various '‘modified’’ refractive indices in current use,

4,1 Refraction in a Standard Atmosphere

We have seen that N decreases exponentially with height in the
standard atmosphere and that, as a consequence, electromagnetic ray.
are bent downward by refraction in such an atmosphere., Figure 4.1
shows aradio frequency source of electromagnetic radiation above the
surface of the earth, The lit zone (or interference zone) forms the locus
of all direct paths, while the crosshatched area below the grazing path
is the diffraction region, Note that the radio horizon, C, lies beyond
the geometric horizon, A, and the optical horizon, B, In a standard
atmosphere the curvature of a radioray is about one-fourth the curva-
ture of the earth so that the radio horizon extends beyond the geometric
horizon by about 15 percent, Tables have been calculated for radio hori-
zon distan:ce versus transmitter height in a standard atmosphere for
several values of surface refractivity, .Hs' The results of such a cal-
culation are plotted in graphical form in figure 4.2,

4,2 The Four-Third's Earth Radius Concept

In the first few thousand feet above the surface, the exponential
decrease of N with height (in the standard atmosphere) may be closely
approximate:xr by a linear decrease. The upper sketch in figure 4.3
shows the earth’s sur.a . and & :3ngent »2y having a curvature equal
to one-fourth the earth’s curvature. At a given distance beyond the
tangent point, a straight tangent line wili be _g,.. above the surface, 1:
we neglect second order tern.s_(see fig, 2.2)." At the same distance
away, the straight line will be -%— ( *)above the curved ray. A§zsumir%g

L is constant and equal to-l‘—, it follows that the ray will be-%— %{--‘,1 al
shave the earth at the distance, d. The same height-distance relation-
Ay notwien ray 2nd suiface r?lay be obtained if one makes the ray
straight and modifies the earth’s radius to a new value ae. such that
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or
ae = —:3.-‘-8' 4 (4.1)

Thus, by making the ‘‘effective’’ earth’s rc lius four-thirds as great as
the true radius, the situation has been resto. ed to that of the homoge-
neous atmospheric case (straight ray and curved earth)--see middle
sketch in figure 4.3. This method, advanced by Schelling, Durrows, and
Ferrel [19], assumes an earth suitably larger than the actual earth and
allows radio rays tc be drawn as straight lines over this earth rather
than as curved rays over an earth with true radius a.

In general, the effective earth’s radius ag = ka, where k is the
effective earth’s radius factor and a is the true radius of the earth,
The value of k isusually assumed to befour-thirds in the United States.
it is desirable, however, in some geographic areas to use a somewhat
different value of k, for example in desert areas it is more nearly six-
fifths, One may write in general

1
k = ~An (4.2)

1+adl
3°Ah

where An is the assumed linear gradient of the index of refraction
(usually negative), applying to a particular area or season and a is the
sea level radius of the earth,

This method of accounting for atmospheric refraction permits a
tremendous simplification in the computation of radio field strengths
even though the distribution of refractive index {linear with height) im-
plied by this metheA i. ~22listic orly in the lowest few thousand feet of
the atmosphere,

4,3 The Flat Earth Concept

For some purposes, it is desirable to portray the earth as being
flat with upward curving rays. This is done by subtracting the earth’s
CUrVe uso {rrm betitray ¢.i earth, Thisresults in an upward ray cur-
vature equal to the downward curvature given to the earth in the situa-
ticn described in section 4,2 (see bottom s etch in fig, 4.3), This rep-
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resentation is not now widely used because of its unrealistic portrayal
of the earth-ray relationship., However, there are instances, such as
ray plotting by analogue computers, where it is advantageous touse the
‘‘flat earth’’ type of presentation,

4,4 Modified Refractive Indices

The B~, M-, A-, and K-modificaiions of . efractivity are uzeful,
partlcularly in ray tracmg problems and in synoptic studies of refrac-
tivity. Eachresults insimplifications in ray geometry in certain situa-
ticns, not only in ploiting rayirajectories but also in the mathematical
relationships describing various propagation mechanismg and in the
study of climatic and synoptic relationships., There is much tobe said,
however, for retaining the unmodified refractivity N itself, Itis abasic
physical quantity, and as such is more easily understood than are B,
M, A, or X, For the purposes of uniformity and initial simplicity, N-
units are therefore the principle refractive index units employed inthis
manual (except in part IV), For reference purposes,however, a des-
cription of each of the modified indices is given in the following four
subparagraphs,

4,4.1 B-Urits

It was shown in section 4.2 above, that one can compensate for a
linear refractive index gradient merely by changing the effective radius
of the earth, The most convenient way to represent departures of a
givenrefractivity-profile from the standard atmosphere (at least in the
lowest layers where the depa:ture of the N-gradient from the assumed
constant value ‘s negligible) is to add 12 N-units per 1,000 feet to all
N-values. This modified index, B, is defined as

™ = Ny + 0.012h (4.3)

where Nj, is the value of refractivity at any height h in feet. A B-pro-
file will have zero gradient in the lower layers of a standard atmos-
phere, The B-modification, therefore, is a logical consequence of the
four-third earth radius concept described in section 4,2 because the
B-gcadient is zero for the same situation where the ray curvature is
zero A :‘esdard simmocphecs 3-profile is compared with standard N-,
A-, awd M-profiles in figures 4.4 and 4,5, Note that in the lowest few
thousand feet B has a zero gradient but at hig! .r levels (where the de-
parture of f\%{-_from an ascumed constant surface value of minus 12 N-
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units per 1,000 feet has become appreciable) B shows a small positive
gradient,

4,4,2 M-Units

Another form of modified refractive index has bee.u widely used,
and isassociated with the flat earth concept of . - tion4,3. In thiscase,
one adds 48 N~units per 1,000 feet to allN-values. This modifiedindez,
M, is defined as

M= Ny + 0.048h , (4.4}

where Ny is the value of refractivity at any height b in feet, When the
M-gradient is zero the ray curvature is zero in the flat earth case,
This is another way of caying that when the N-gradient is minus 48 units
per 1,000 feet, the ray has the same curvature as the earth, Thus, if
the earth’s surface is represented as a straight line, the ray will also
be straight, Figures 4.4 and 4.5 show a standard atmosphere profile,
expressed in terms of N-, A-, B-, and M~units for comparison pur-
poses,

4.4.3 A-Units

As we have seen the B-unit modified index overcerrects for the
decreasein N with height in the standard atmosphere as shown infigure
4.5 by the increase of B with height, This overcorrection results from
the assumption of a constant N-gradient (i.e,, linear N-profile) with a
value representative of the lowest few thousand feet of the standard
atmosphere. A modified refractive index (potential refractivity) ex-
pressed in A-units has been defined by Bean, Riggs, and Horn [4] in
order tc eliminate this overcorrecticn. The expression for A, which
is written in terms ¢r an exponenudl 2eight ruaction, is given by

A= Nh + Ng [1 - exp.Ch] .
or
A=+ 315 [1-exp. 0 184R] (4.5)

where Ny, is the -efractivity at height, h, in Filometers, Thedecay co-
efficient ¢ = - 0,144 was determined so as to torrespond best with the
average station value of Ng = 313 lor the Uuited States. Figure 4.5
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shows a comparison betweza: the siaudard atinosphere profile expressed
in terms of N-, A-, B-, and M-units,

To facilitate the iransformation from N-units to ~ -units, a poten-
tial refractivity chart was prepared and is given in figare 4,6, This
chart eliminates the necessity of using exponential tables in each indi-
vidual calculation of A and thus lends conriderable ease tothe prepara-
tion of charts of the new parameter,

4.4.4 K- UnitS

Inorder to remove the height-dependent variations of refractivity
in homogeneous air (the problem for which Bean proposed the A-unit
modification) and to develop a modified index from fundamental meteor-
ological relationships (rather than from essentially empirical consid-
erations as Bean has done), a modified index (potential refractive index)
expressed in K-units has beendefined by Jehn [16]). The expression for

K is given by
0.714 0.286
1,000\ P .
K = (-———-—) N, + (———) Ne |, (4.6)
P [ d " \q 000 m

where Ny is the conventional ‘‘dry’’ term and N, the conventional
‘‘wet’’ term in the refractivity equation and P is the pressure in milli-
bars at the point in question, Tables or graphs of the two multipliers
could be prepared to facilitate the conversion from N-units to K-units,
but as yet these are not cvailable.

It should be noted that K~values are referred to the 1,000 millibar
pressure surface, and as a result the station-to-station variability of
refractivity occasror _? hr differences in station elevation are sirongly
suppressed. Insynoptic radio~meteorology this becumses an important
factor,
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5. THE ACTUAL ATMOSPHERE

Thus far, the discussion has been concerned witl. “e propagation
of radio waves under two artificial situaticns; an earth enveloped by a
homogeneous atmosphere, and cn2 with an atmosphere in which refrac-
tivity decreases smoothly (linearly or expo  entially) with height. As a
final step, it is now in order to consider the wctual atmosphere and its
effects on propagation,

There are numerous ways in which the troposphere departs from
the simple linear or exponential gradient model, In a well mixed tro-
posphere, for example, there are a myriad of small random variations
in N, both in vertical and horizontal planes. Even at a fixed point, N
is found to vary in a random way about some mean value. These fluc-
tuations are caused by parcels of air with different temperatures and/
or vapor pressures than their surroundings, Most parcels are caused
by unequal heating, during the daytime, of air in contact with the ground,
The warmer parcels rise convectively and drift with the wind until they
are brokenup and eventually lose their identity through turbulent mixing
with the surrounding air, Similarly, air overlying lakes, rivers, and
oceans becoiiies more moist than its surroundings and rises because
of its lower density, Refractometer measurement- show that the root
mean square value of the N fluctuations decreases exponentially with
height in a well mixed atmosphere, This is a priori evidence that the
source of the small-scale variability of N is at the surface.

5.1 Anomalous Propagation

In some cases the actual refractive index profile inthe atmosphere
departs from the linear and exponential models enough to cause radio
and radar fields to »ei ~hetronger well bevond the horizon than would
be expected from standard refraction and diffraction, Thece situations
are generally caused by the presence of steep, negative, vertical gra-
dients of refractivity in layers, which in turn cause the radio waves to
be bent downward sufficiently to continue some distance on around the
figure of the earth, A discussion follows of the development and of the
characteristics of these so-called ‘‘trapping’’ or ‘‘ducting’’ layers.

5.1,1 Surface Layers

The actual troposphere departs most {requently frora standard in
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thelowest few hundred feet, ‘'These suriace layers, inwhich the N-gra-
dient is much steeper than minus 12 units per 1,000 feet, are caused
by nocturnal radiational cooling, by evaporation or by advection, Fre-
quently the N-gradient, particularly just above the ground, ' consider-
ably stronger than minus 48 uni’s per 1,000 feet, such thata rayactually
has a downward curvature greater than the earth’s curvature. If the
layer is thick enough compared to the propag tion wavelengih, energy
is guided around the figure of the earth in thelayer, causing fields be-
yond the horizon to be very much stronger than normal. Because of the
wave nature of radio energy, it turns out that the layer thickness must
exceed a certain critical value, which is a function of wavelength and
of the shape of the N-profile, before guiding or ‘‘ducting’’ of the wave
can occur,

When the layer becomes particularly intense, the horizontally
directed energy from a transmitter located within the layer will be
completely contained in the layer; in this instance the fields wiil de-
crease as the square root of distance rather than as the first power of
distance., Atsome distance beyond the horizon, these fields would then
theoretically not only be stronger than the difiracted fields, but would
even be stronger than the free space fields, Such intense layers have
not actually been found in the atmosphere, The strongest fields observed
in surface ducts have been about equal to the free space fields, When
the fields approach this level, the energy is said to be ‘‘trapped’’, The
refractivity profile requirements for trapping radio energy of various
wavelengths are described in more detail in section 6.1,

(a) Radiation Ducts

Nocturnal radiational cooling of the ground surface may produce
‘‘radiation’’ ducts, They ere particularly intense over dry or desert
areas, where there is *iti., wcier vapor in the air to intercept and re-
turn outgoing, longwave radiation back to the greund. Calm nights tend
to intensify duct formation because thereislittle mechanical turbulence
to mix the cool lower layers with *he warmer air above, The typical
N-profile is exponential in shape, merging with the standard gradient
at heights of afewhundred feet, Measurements in southwestern Arizona
by Day and Trolese [10] showed that usually the profile is standard at
suaset, wiw the surface N . ue increasing as the night progresses.,
At suurise, the surface N-value has typically increased by about 15
units while the values above 500 feet have incre. sed byonly 2 or 3 units.
Usually *he iop of the duct is arbitrarily taken» to be the height where
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the gradient is minus 48 units per 1,000 feet, A typical value of this
height at sunrise in Arizona is about 50 feet, Such a duct would be ex-
pected to trap wavelengths shorter than about 30 centimeters, and ex-
perimental results [10] show this to have been the case,

(b) Evaporation Ducts

QOver the ocean, surface refracting l. -"rs are caused by a dif-
ferent process than that described in (a) above. Diurnal temperature
changes over large bodies of water arc usually quite small, This is
because solar energy penetrates well beneath the sea surface, There-
fore, a relativelylarge amount of heating is required to change the sea
surface temperature, Radiational cooling, which does occur, makes
the surface water heavier than the underlying water, so it sinks, bring-
ing up warmer water from below. The surface temperature,therefore,
remains practically constant night and day. Daytime heating can cause
a thin surface layer of higher temperature, but wave action usually
rapidly mixes this layer with the cooler water below,

Evaporation from the sea surface, on the other hand, causes air
parcels to be carried aloft by buoyancy, and thus gives rise to a steep
gradient of water vapor pressure (and hence of N) in the first few hun-
dred feet above the sea, While instantaneous N-profiles show wide fluc-
tuations, the average over several minutes shows a profile which is ex-
ponential in shape when the air and sea arethe same temperature, When
the air is warmer than the sea the profile is more nearly linear; i.e.,
the N-gradient changes more slowly with height. In the unstable case
(sea warmer than air), the gradient decreases more rapidly with height
than in the neutral case (sea and air temperature the same), An in-
teresting consequence of the physical processes which take place in the
formation of an evaporation duct, is that in the stable case, low wind
speeds favor strong duct formation; while in the unstable case, high
wind speeds favor -.rong ducts. These by “theses have been verified
in datataken over the Irish Sea by Anderson aul Qczserd [1], Triteria
are presented in section 6.1.3 which enable one to determine from
meteorological measurements .c bridge elevation, whether or not a
given wavelength will be trapped by the oceanic duct.

(c) Advection Ducts

Another process by which surface layers with superstandard N-
gradients can be formed, is the advection uf dry air over the sea. If
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the air is colder than ihe sea., wertical convection takes place which
tends to disperse air parcels with high refractivity upward, thus pro-
ducing a weak but thick surface layer which does nct vsually affect prop-
agation appreciably.

However, if the air ic warmer thanthe sea, stability will keep the
cool, moist (high N) air confined to a thinner layer. This gives rise to
surface layers inwhich the N-gradient can be.  ‘ong encugh for *‘trap-
ping’’ and at the same time be thick enough to affect longer wavelength
energy than is the case with evaporation ducts, This situation is prev-
alent over the Mediterranean, Red Sea, and Gulf of Arabia.

5,1.2 Elevated Layers

Thus far, processes which cause persistent departures of N in
atmospheric layers close to the earth or sea surface have been con-
sidered. Theselayers are caused by processes taking place at the sur-
face itself. There is another class of phenomena which gives rise to
strong N-gradients at some hezight above the surface, Refractomeier
studies have shown that these elevated layers exist to some extent over
wide geographic areas, In fact, very few refractometer profiles have
been taken which do not show the presence of at least one elevated layer
within 10,000 feet of the earth’s surface,

Most of these layers are only a few hundred feet ir thickness and
the change of N from top tobottom averages about 10 units., Some layers
can be traced for tens of miles in horizontal extent while others, par-
ticularly the weaker ones, are less than 10 miles in exteat. Figure 5.1
shows an N-profile through an idealized elevated layer. Several para-
meters of interest are shown; the intensity, A_NL , the thickness, Ah,
and the heights of the top and bottom of the layer, hp and hp, respec-
tively. It will be noted that the N-gradient is shown as being standard
below and above the iaye:, 3hisis wsually tr. ~2se although nominal
departures from standurd are often found,

Figure 5,2, shows the effec. of such an elevated layer on rays
emanating from atransmitter located well below the layer bottom. The
four-thirds earth’'s radius modification has been used in constructing
the =arth and layerboundaries, Since (as shown in fig, 5.1) the N-gra-
dien i< il nd-cd outsire tne. 1ayer, the ray paths above and below the
layer are straight lines, In the layer itself, the N-gradient exceeds
standard, therefore, the rays bend downward,




- ewe e e Guv e R S Gr® Fan emp e Fem VL UE e mn g WA g Gam S

ELEVATED LAYER

Y e GMs omn cam . S G W WD S W e

STANDARD
GRADIENT

REFRACTIVITY N
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Using these geometric considerations and Snell’s Law, and with
the help of expressions previously derived for ray bending in a medium
of constant N-gradient, one obtains the following expressions for the
distance, d, between the radar and the point of entry into the iayer, and
Ad, the distance the ray travels in the layer,

2(hp - h
Y -[»«:v +1102 +—-(—B——£):| (5.1)
N A

and

S22 - 2an) + 2 (ah/ag) + 20 - hy)ia - + 2t - hplfee
Ad = 21(5.2)
(“_’1& ) _5__)
Ah 4a,
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where a, is the effective earii’s radius, @_ is the inclination angle of
the rayas it leaves the transmitter, hB and hp arethe heights of the lay-
er base and the trans: mt errespectively, Ah is the layer thickness, and
Ang; i.e., (ANp x 107 8); is the change in the index of refraction thr ough
the layer (see figs, 2,6 and 5.2). The distance from th. *ransmitter at
which the ray emerges is simpiy the sum of these two expressions,
From this point, the ray pruceeds in a straight line as shown in figure
5.2, Figure 5.2 also illustrates the behava. of the rays as the eleva-
tion angle, &,, is changed, For high elevation rays {above 2°) the bend-
ing is slight, but as @ beccmes smaller, the rays are deflected more
and more from their original direction,

Figure 5.3, illustrates the effect of raising the transmitter height
(or lowering the layer height), The high angle rays still penetrate the
layer as before, but now, as a, is decreased, the rays are bent more
and finally (in the third ray from the left) emerge tangent to the layer
top. If o, isdecreased even further, the rays donot penetrate the layer
at all, but are totally refracted back down toward the surface again,
The reason for this will be evident from a consideration of the expres-
sionfor Ad, If (hg - hR) and a, are sufficiently small, the first radical
becomes imaginary, signifying no emergent ray. When this radical is
just equal to zero, the emergent ray is tangent to the layer top., How-
ever, as ¢, becomes negative, there will again be a value of & 2, which
is larger than the remaining terms in the radical, and rays will again
emerge from the layer top. This situation is depicted in figure 5.3 by
the lowest ray in the bundle. Between the two emerging tangent rays
is a region where no energy penetrates the layer, A radar target in
this region would not be detected, nor would communications be possi-
ble between anairplane in the regionand a surface-located transmitter.
This region 1s called a ‘‘radio or radar hole,’”’ A discussion of methods
for locating these regions, aswell as avoiding them, isgiven in section
6.3.1.

In figure 5.4, the transmiiter is above wue lzycr, In {iis case,
the upper rays do not intersect the layer at all, and are unaffected by
it, There are, however, two rays which again define a *‘‘radio hole’’ in
this situation. The first is the ray tangent to the layer top, and the
second is a ray going down at a steeper angle, which comes back up
through the ldyor farther ~ut, Thedistance from the transmitter to the
ta.gent painy (start ¢ the radio hole) is simply

d' =, [2a, (hg - b, , (5.2)

T
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where hT and hR are the heights uf the layer top and transmitter res-
pectively and ag is the effective earth’s radius, The width of the radio
hole is more complicated to express in this case, than when the trans-
mitter is below the layer., In section 6.3.1, practical metbods are pre~
sented for operational use,

The main difference between the transmitier being below the layer
and being above the layer, ic that in the former . se one can eliminate
the radio hole complctely by lowering the transmitter far enough below
the layer. If hB - hy, is large :nough, all rays will emerge from the
layer regardless of a,. When the transmitter isabove the layer, on the
other hand, raising the transmitter moves the hole further away and
gradually narrows it but can never eliminate it,

Substituting 10 units for AN; ;(Any, = 10x1078); and 200 feet for
Ah in the expression for Ad, shows that 1f the transmitter is more than
80 feet below the layer base, there will be no radiohole. It can be seen
then that & typical elevated layer will have little effect until the trans-
mitter is nearly at layer height. For the same layer, with the radar
80 feet above thelayer, aradio hole would exist at radar height betiween
22 and 60 miles from the transmitter,

The ray tracing expressions discussed above, are theoretically
valid only when the layer is smooth and has a unifcrm N-profile over
a large horizontal area surrounding the transmitter. Even thoughactual
elevated layers rarely are as smooth as the mathematical model re-
quires, the results of many experimental flights above and below such
layers give results asindicated by Doherty [11}], which are in surpris-
ingly good agreement with theory, Field strengths in radio holes are
found to be considerably lower than outside them, and the distances to
the boundaries agree very well with those calculated from ray theory
and measured N-profilcs

In certain geographical areas, strong subsidence ¢l dry air irom
aloft gives rise tointense elevated inversions (layers) with AN’s of the
order of 40-60 units and heights of less than 3,000 feet., These areas
are near 30°N, (and S.) latitude in those belts where atmospheric sub-
sidence is strongest, In the Northern Hemisphere, the areas of occur-
renct: u” *the steongesi elev.i.d inversion (layers) are located where
the 3u'lv, laiituae beit iutersects the west coasts of large continents;
namely, southern California, northern Mexico, "nd Morocco, Little data
is available for the Southern Hemisphere, alihough such evidence as
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exists indicates that similar areas will be found on the west cuasts of
the continents in that hemisphere as well, Ducts of this intensity are
frequently able to trap energy from surface radar and also at communi-
cation wavelengths,

Inlayers where ANy, isiarge, causing the total refraction of rays
with relatively large a4's, the roughnes: ~* the layer becomes a very
important factor in feeding energy into the radio holes., Inexperimental
studies off southern Calife “nia, it has been found that in such situations,
the field strength in the radio hole is weaker than it is above or below
the hole, but it is stronger than when no layer is present, This comes
about because of the Rayleigh criterion of roughness, as follows:

h=A/8sina (5.4)

[s) 2
where h is the permissible height of random roughness elements for a
reflecting surface to appear smooth at wavelength A and with the inci-
dent angle equal tc &g,

Suppose, for example, that a layer has the following character-
istics:

AN = 50 ,
and

Ah = 200 feet .

We find that total refraction will occur for a, as large as 9.3 milli-
radians. in this case, the roughness elements must be less than 13
wavelengths in height for the layer tosppear smooth, On the other hand,
if AN is 10 units, as it was in our previous layer, @, can only be as
large as 2.4 milii. ag ans, givi.g < permissible roughness element height
of 53 wavelengths, From this, it is evident ihat o strong elevated layer,
which is capable of trapping energy incident at rather large angles,
must also be much smoother .nan is usually found in nature in order to
give awell defined radiohole, Weaker layers, whichrequire small ray
angles for radio holes toform, can be relatively muchrougher and svil
nroduce well defined holes,

5.2 Ray Bending

The previous section considered the behavior of rays in the pres-
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ence of steep N-gradients. Of primasyconcern were those rays which
were bent sufficiently to emerge tangent ic the top of the layer, Now
we wish to consider situations where the bending is not so drast1c. It
should be realized, of course, that such bending occurs in any atmos-

phere where N changes with Feight. If N decreases with . »2ight, as it

does over the earth, the rays are bent downward, As was seen ir cec-
tion 2,2,4, thic hending, ~ at anv noint ::'Immr t'e ray trajectory is pro-

Le vese alTesvimasn

portional to the N- gradlent normal to the ray p«:h.

Inorder io determine 7 exactly, one must know how N varies with
height, Ingeneral this relationship cannot be expressed in simple ana-
lytical form, Furthermore, the N-profile changes frem place to place
and from time totime. In practice, it 1s more satisfactory to approxi-
mate a given N-profile by a series of straight lines and then to deter-
mine theincremental bending caused by each segment. The total bend-
ing up to a given height is simply the sum of the individual increments
up to that height, This procedure is particularly suited to N-profiles
derived from radiosonde data, since significant levels are originally
specified using linear interpolation between levels to recover the orig-
inal trace.

Using this approach, one may express the incremental bending
AT caused by a dayer with constant N-gradient as,
(Ng - Np)

AT (milliradians) = ’ 5.5

where the subsetript B refers to thebottom of the layer and T refers to
the top of the layer (see fig, 2.6). The values of tan 8 are determined
at eachlevel interms of o,, Ng - N},, and h, using Snell’s Law, Figure
5.5 gives values of 500 tan B i 1n terms of these parameters,

5.2,1 Elevation Angie Errors

In tracking targets with radars capable of measuring elevation
angles very accurately one is more interesied incorrecting the apparent
elevation angle, a,, to the true angle, than in the value of 7 itself. Fig-
ure 2,6, shows this correction or errorangle, §. If one knows the total
benming, v Tt heiweep radar r-ight and target h°1ght h,, then,

T4 tan Bt +(—)— (N¢ - '\It)

Tt +tan By ~ tan 2

(5.6)

0; {milliradians) =
)
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For low target heights, where ihe atmosphere may be regarded as a
single layer of constant N-gradient, § is exactly half of 7, At great
heights 8§ approaches the value of 7. “These two limits are frequently
useful in estimating §’s without the necessity of carryir< out detailed
computations,

Figure 5.6 shows curves of both 7 and & “or various a’'s, over 2
height range of 1,000 to 1,000,000 feet, These salues were computed
assuming Ng = 350, and an N-profile as shown in figure 3.5, It can be
seen that a ray departing tangentially from the earth (@, = 0°) is bent
almost 1° in traversing the eatire troposphere. At an elevation angle
of 30°, theiropospheric bending amounts of 2! of arc. it isobvious that
the bending falls off rapidly as the elevation angle increases, Even at
1°, the bending is onlytwo-thirds of the tangential value, and at 5° it is
one-fourth of the tangential value, It is interesting to note that at low
angles, most of the bending takes place at low altitudes, while at higher
angles, the contributions at greater heights are relatively more impor-
tant, To a first order of approximation, one may regard total bending
as proportional to N this is quite true at angles above 10°, At very
low angles, T varies more rapidly with respect to N but the linear
approxlmatlon is still reasonably good.

The values shown in figure 5,6 refer to a standard atmosphere,
with anexponential decreaseof N with height, When layers exist which
have steeper N-gradients, additional bending will occur. Layers close
to the surface are much more effective in increasing 7 and 0§ than are
those at heights of severalthousand feet. The additional bendmg caused
by such layers is confined largely 1o the lowest few degrees, Above 5°,
even atrapping layer will cause no additional bending. This is because
the distance the raytravels in thelayer falls ofi rapidly with increasing
elevation angle., The bending caused by any given profile of refractive
index maybe computeri » . = frnction of the ray elevation angle a,, at the
radar, using the method descr1bed above, The additicnal 3 caused by
several typical layers is discussed in section 6,2,2 and is shown in
figure 6,11,

It should be pointed out that the above discussion of raldio ray
bending has been confined to refraction caused by the troposphere, When
the radas va. get is in Gr 2bevs the ionosphere (heights above 100 miles),
addit.onal bending is caused by ionospheric layers, Total bending by
the icaosphere is roughly equal tc the tropos; 2eric coatribution at 100
megecycles ( A = 3 meters), At shorter waveiengths the ionospheric
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bending decreases as the square of wavelength,
5.2.2 Range Errors

Because radar waves travel slower in the atmosp. ‘re than in a
vacuum and since radar range calibrations are raade using the vacuum
velocity as areference, measuredranges are clightly larger than actual,
These range errors are for most purposes ent1. lynegligible, A method
for determining range errors is given, however, in section 6,2.3.
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8. RADAR PERFORMANCE

In parts I and II of this manual the various mechanisms were dis-
cussed by which radar or radio energy ispropagated frem a transmitter
to a distant poini in space, Also considered were the . ‘veral ways in
which meteorological variables affeci these propagation mechanisms.
It was seen that relatively simple ray-tre ‘ing concepts are useful in
describing the behavior of radioc energy in vurious situations. In this
chapter, these concepts are put to practical use in order to solve the
operational problem of determining the variations in radar performance
caused by meteorological variabies,

6.1 Surface-to-Surface Situations

6.1.1 ‘‘Normal’’ Detection

A surface radar, such as those on ships or low shore installa-
tions, normally is limited to detecting targets above the horizon line
(see fig.4.1). Itsantennapattern is characterized by interference max-
ima and minima as shown in figure 6.1, Inside the fingers the fields
are above the free space fields, because thedirect and reflected waves
reinforce one another, and in the regions between fingers the fields are
less than free space fields, because the two waves partially cancel one
another, For low radar heights, the vertical angles of the center lines
of maximum strength are given by

1,000 A

2hg

@, . (milliradians) = (n - )

s (6.1)

where n is 1, 2, 3, etc,, h,, is theradar height, and 2 is the wavelength,
both ex}.;ressed in the same units, Thus, for a radar-height of 60 meters
and a wavelength ¢ #,” maters. the interference maxima will occur at
2.5, 7.5, 12,5, etc,, milliradians, The minima cceur at §, 10, 15, etc,,
milliradians, The range at which the tips of the fingers occur is takes

arbitrarily as the maximum detection range of the radar; this range
depends, of course, on transmitied power, size of target, and other
factors not related to propagation itself,

T .5 evident inat -.. ace targets will not be detected unless they
are high enough to protrude into the lowest maximum of the pattern.
This will occur under normal atmospheric onditions at, or just beyond,
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the horizon range for most shipboard radar installations and most sur-
face targets., Other things being equal, a2 short~wavelength radar will
detect surfacetargets farther away because its lowest interference lobe
lies closer to the horizoi: than that of a longer-wavelength radar, In
the presence of strong surface or elevated ducts, the lower finger of
the pattern may be beni do ynward cons:derably as sho. ~ byihe dashed
patiern in figure 6.1, The lower side of the bottom finger extends well
beyond the horizon in this case,

6.1.2 Evapcration Ducts {Surface)

Evaporaticn or ‘‘cceanic’’ ducts are not particularly effective in
extending the coverage of most shipboard radars because they are
usually shallow (75 ft. is about average). In order for such a duct to be
effective, the radar must be within 50 feet of tlie sea surface and its
wavelength must be shorier than 30 centimeters., Submarine radars of
3-centimeter (X-band) and 10-centimeter (S-band) wavelengths as well
as similar radars on small craft are the only ones which are usually
affected by the evaporation duct, The normal practice of installing
radars on the highest point on the ship places most radars above evap-
oration ducts which may be present. For low-sited radars, however,
the duct is often useful in extending ilhie normal limit of coverage. It
turns out that one can determine, from simple meteorological data,
whether such a radar at a particular wavelength will have extended
coverage or not,

The Ductogram, figure 6.2, was designed at Bureau of Aeronautics
Project AROWA [25] tofacilitate the prediction of extended radar cover-
age associated with an vceanic (evaporation) duct. Use of the Ducto-
gram is liznited to low-level oceanic ducts. For input data, the Ducto-
gram utilizes surface observations of air, dew point, and sea water
temperatures takenonboard the ship. The quantity AN' is the approxi-
mate difference *ziw.eir the refractivity. N, at the elevation of ship-
board observation (bridge height) and the refractivity, Ng, at the water
surface,

In an air mass which has stagnated over an ocean surface for
some time, the values of N at observation height (determined irom &'-
and dew peint temperature) and Ng at the ocean surface (determined
“rops *he nea water tesigerature) normally do not differ by more than
one or two units, However, when the meteorological conditions favor
extended surface radarpropagation, the g radient of N may reach much
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larger values and is especially pronounced in the lowest few feet of the
atmosphere, Thus, whei. AN? is iarge, the gradient of N for a depth of
several hundreds of feet willalso belarge, Forthis reason, AN? is in-
troduced as a parameter to be used in estimating the preséﬁ;é of an
oceanic duct. The magnitude of AN! necessary for evtended radar ranges
varies with the wavelenzth of the radar, ranging fr. ~ 87 units for the
L~band, to 36 for the S~band, and 16 for the X-band, For longer wave-
lengths, such as the P~band {100-500 m .).the oceanic duct wili be in-
effective, and one must use the methods p: esented in the foliowing sec-
tion to determine whether trapping will occur, Since air turbulence
affects the gradients of temperature and moisture throughout the layer
in which surface ducting occurs, the surface wind velocity is introduced
as a factor in the prediction of surface ducting,

The procedure tc be used with the Ductogram is asfollows: given
the air temperature, the dew point, and the sea water temperature (all
in °F.), find the intersection of the pertinent air temperature and dew
point lines and project horizontally to the left to the given sea water
temperature, Read the resulting AN'-value from the sloping lines at
the point, Then, refer to figures 6.3, 6.4, and 6,5, to obtain the mini-
mum AN'-value required for ducting as a functionof radar wavelength,
surface windspeed, and the air-water temperature difference (in °C.).

Although the vertical extent of an oceanic duct rnay be estimated
from local observations, it should be pointed out that the horizontal
space distribution of refractive conditions must be analyzed from a
number of ship observations or from a consicderation of the synoptic
situation (see part IV). Unless ducting conditions are expected to pre-
vail over a large horizontal area, extended ranges should not be pre-
dicted. Tmthose instances when ducting is indicated, the amount of range
extension cannot be accurately computed, However, one may safely
estimate that radar coverage will be extended to at least double the
normal range, ¥ ar*icularly favorable conditions (strong duct, low
antenna, short wavelength) the range may be extended as much as five
times normal.

8.1.3 Advection Ducts (Surface)

As was discussed in section 5.1.1, ducts may occur when warm,
dr, air flows out over - cool sea, They do not extend more than 100
miles or 5o from land unless there is a strong advection wind carrying
the air offshore, Usually these ducts a. e found over seas lying close
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todesert areas, suchas in the Mediterranean, Red Sea, Gulr of Arabnia,
and similar areas, To assess their effects on propagation, ore needs
shipboard radiosonde or other data from which to plot an N-profile o
heights of 500 feet or more. In order to determine whether the duct is
capable of trapping energy of a particular wavelengi” ‘and hence whether
extended radar coverage maybe expected), the N-pro..ie is pioited and
the height of the layer top, by, and AN r for the layer are determined
as shown in figure 6,6, Using the criter.. -urves in figure 6.7, one can
drtermine whether a particular wavelength will ke trapped. If a point
corresponding tc the measured ET and AN L lies to the right of the curve
corresponcing to the radar frequency in question, the duct will trap the
emitted energy and give extended range coverage. The farther to the
right of the curve the point lies, the greater will be the radar coverage
extension,

The difference between the trapping criteria presented in figure
6.7 and those given in figures 6.3, 6.4, and 6,5 lies in the fact that fig-
ure 6.7 is applicable to any duct, but one must have an N-profile to de-
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termine whether or not z given wavelength will be trapped. In figures
6.3, 6.4, and 6,5, on the other hand, one needs only N-values at the sea
surface and at bridge height, From these two values, one can deduce
the N-profile if it is assumed that the air has been over the sea a long
enough time for equilibrium {0 have been establisi. 7, In general, the
criteria shown in figures 8.3, 6.4, and 6.5 are appiicapie farirom land,
while those in figure 6.7 are applicable anywhere. No comprekensive
comparison between ithe two methods is y. . available.

6.1.4 Elevated Ducts

One may use a similar procedure for analyzing the effect of ele~
vated ducts on radar performance, In this case, plot an N-profile as
before; figure 6.8 illustrates an elevated duct, Figure 6,7 may again
be used as the trapping criterion if one plots the point correspending to
the height of the layer top divided by two, (—llér-) and ANy for the layer.
If the point lies to the right of the radar frequency curve in question,
trapping will occur and radar coverage will be extended. As in the case
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Figure 6.8. N-Profile--Elevated Layer,
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of evaporation and advection ducts, one cannot accurately predict the
extent of anomalous coverage, but only whether or not it will occur,
With experience one may estimate whether there will be a large exten-
sion (up to 5 times normal range) or a moderate one {twice normal)
according to how far the plotted point lies to the right of 1 pertinent

rador frequency curve,

The criteria curves shown in figure 6,7 are . :sed on atheoretical
treatment of the guiding of radio-radar energy by ducts, Nuvmerous
attempts have been made to treit the problem theoretically, but this
particular method, by S, A, Schelkunoff of Bell Telephone Laboratories
[18], hasbeen the only one to successfully stand the test of experimental
verification,

6.2 Surface-to~Air and Air-to-Surface Situations

In the previous discussion it was noted that various types of N-
profiles with strong gradients could channel radar energynear the sur-
face and thusilluminate targets which were well below the horizon line.
The propagation effects of refractive layers when one terminal is well
above the ground are considerably different fromn those when both ter-
minals are low, In principle, the coverage pattern of a surface radar
locking at a high-flying target, should be the same asthat of anairborne
radar looking at surface targets. One significant difference, however,
is that in the air-to-surface situation‘‘sea clutter’’ complicates detec-
tion, particularly of small surface targets.,

6.2,1 Sea Clutter

The myriad of echoes frequently observed by airborne radars
looking over a sea surface is called ‘‘sea clutter’’ or '‘scope clutter’’,
Its effect is to increase the background of echoes against which one
must detect the surface target, and, 1n the case of small {argets such
as submarine snorkels and small craft, it can seriously interfere with
detection. Sea clutter is caused by reflection from individual waves,
As one would expect, it is worse in heavy sezs than in calm cnes, and
the echoes are stronger for shorter wavelengths than for longer ones.
Furthermore, the echo intensity increases as the cube of the angle of
ineidcn~e Thus, clutter echeis extend from the sea surface directly
under t}-: c2.-ucaf. out 10 so.ne distance, as givenin figure 6,9, depending
upon the aititude of the aircraft and the sea st te, The presence of
strong N-gradients has little effect on the extent of the clutter echoes,
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Figure 6.9 was adapted from 2 chart originally produced by Lock-
need Aircrafi Company {23]. It was modified to its present form, on
the basis of in-flight sea-clutter data, by personnel of the U, S, Fleet
Weather Central, Argentia {24], To use the figure:

1, Enter at upper right with swell height plus wave height
in feet, or with the coded value of Hyy, mean maximum
height of waves.

2, Proceed horizontally to the appropriate surface wind
speed line ir knots.

3. Proceedvertically down to the appropriate aircraft alti-
tude curve,

4, Read the sea clutter radius on the scale at lower right
in nautical miles,

For example, suppose the wave height plus swell height is 8 feet and
the surface wind is 10 knots:

If theaircraft is at 5,000 feet, R (the radius of clutter) = 64 miles,
If the aircraft isat 10,000 feet, R (the radius of clutter) = 93 miles.
Jf the aircraft is at 20,000 feet, R (the radius of clutter) = 134
miles,

Because of the effect of wave shape on thereflected energy, one should
add 15 percent to the clutter radius in the upwind area and subtract 20
percent in the downwind area,

As stated on the chart, the values given are for a 2 megawatt,
10-centimeter radar ha'ng an antenna gain of 35 decibels. To obtain
clutter ranges foir other wavelengths roultiply the indicated ranges by

w0 7|3/
A (em.) :

for other radar powers multiply the indicated ranges by

Es(mw.qlls .

2
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and for other antenna gains multiply the indicated ranges by the antilog
of {0,067 (G (db) - 35(} .

6.2.2 Elevation Angle Error

An important problem encountered in surface, air search radar
operation is that of elevationangle error. The standard N~profile causes
radar rays to bend downward as they trave. .hrough the troposphere.
The total ray bending along the tangent line amounts to about 3/4° as
the ray proceeds from the surface up through the stratosphere. About
90 percent of this bending takes place hetween the surface and 30,000
feet; as aresult anair-search radar capable of measuring precise ele-
vation angles will always indicate higher elevation angles than the true
ones.

The elevation angle error, §, is afunction of the measured eleva-
tion angle, Qqs the N-profile and the target height, .ll’t' Standard atmos-
phere corrections can be made to take average bending into account
(see fig.5.6). Inthepresence of layers where the N-gradient is stronger
than standard, however, the bending error can be increased consider-
ably. If one has a refractivity profile, the radar elevation angle error
may be determined quite accurately, according to Weisbrod and Ander-
son [26], in the following way:

1. Subtract all N-values (computed from radiosonde data)
from the refractivity at the surface (radar height), Ng.
Tabulate the resulting Ng - N}, values for each height,
h, above the radar.

2. Using figure 5.5, determine 500 tan B at each height.
This is done by entering the left margin of the figure
with the proner Ng - N, Next, move horizontally to the
curve curresponding to ihe heigin, I, which is expressed
in thousands of feet. Now, proceed verticaiiy to the curve
corresponding to the measured elevationangle, ., which
is expressed inmilliradians, Finally, read 500 tan 8 by
moving horizontally to the right-hand scale, This is a
graphical solution of Snell’s Law (see section3.2), Oc-
casionaily. ¥. - Ny will b2 negative; in this case enter
the teft margin with Ng - Ny and use the dashed height
cur ses, proceeding as above to determine 500 tan 8.
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3. Bydividing theatmasphere into layers whose boundaries
are the radiosonde heights tabulated above, the raybend-
ing A7 caused by eachlayer cannow be determined from
the expression

ANY

AT (milliradians) =

where 500 tan Bg is the value tabulated at the lower
boundary of a give layer and 500 tan ﬁT is the value
tabulated for the rexthigher level; ANy is equal to N at
the bottom of the layer minus N at the top of the 1 yer.
For each consecutive pair of he1ghts one gets a value of
A7 in milliradians,

4. Add the AT s from theradar height (surface) to the tar-
get heignt, h,. The sum is 7, in milliradians,

5. Compute § corresponding to the assumed o, and target
height, hy, , by 5
T
- t
1000 7, tan By - (Ng - N;) x 1073 +—
6 (milliradians) = »(6.2)
T4 + 1000 tan By - 1000 tan e

where N; is the refractivity at target height and 1,000
tan Bt is twice the value of 500 tan 8 at target height,

6. Thiswill give avalue of § corresponding to the assumed
a, and target height, It must be repeated from step 2 on
for other ¢ ’s and target heighis to cover a useful range
of conditions

The procedure outlined above is straighiforwarc (hough {edious.
It is, however, quite exact, and is the simplest way {short of using an
electronic computer) for determining 6 from radiosonde data.

One can, however, estimate the values of § to be expected under

UL itions reasonably clos. Yo the standard 9tmc;sphere by using figure

8,1, The values shown are for an Ng of 350, To convert to other

values of surfac» refractivity, multiply the indicated elevation angle

errors l:.y,_slg;gi).= The presence of refractivelsyers can cause significant
[» XUAN
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departures from these values. particularly at low elevuiion angles. In
figure 6.11, the differences Liiween ine elevation angle error under
layvered and standard-atmosphere cenditions, 513 ered Minus &g, 4. 4,
are shown for several types of refractive layers, 'I’o estimate refrac~
tion effects then, one adds the values cobtained from figure 6,11 to those
found in figure 6,10 to obtain -values of the total elevatio. ‘'ngle error.,

6.2.3 Range Error

Because radar waves in the atmosphere travel slower than they
do in a vacuum, a range error results, Since radar range calibrations
are made using the vacuum velocity as areference, the measuredranges
are always slightly larger than the actual, Theresulting error, AR, is
usually too negligible to be considered in practical air search opera-
tions, It amounts toapproximately 700 feet for the round trip tc a tar-
get above the stratosphere with @, = 0. Figure 6,12 shows the cne-way
range error as a function of measured range, R, for several a,’'s and
assuming Ng is 350, For other N.'s one may assume that AR 1s pro-
portional to N with sufficient accuracy for most pract1cal purposes,
The effect of etrong N-gradients on range error is at most a few per-
cent of the values shown in figure 6,12 so it can safely be ignored.

6.2,4 Radar Holes

The occurrence of radar holes or blind spots in a surface, air-
search radar coverage pattern is infrequent, It was noted in section
5.1.2, that intense elevated layers cause such holes but that the fields
in them are stronger than when the layer is absent, co they do not re-
duce radar coverage. Weak elevated layers are incapable of causing
surface radar holes unless they are just a few hundred feet above the
radar. Surface ducts caused by advection, however, can cause surface,
air-searchradar holes, Theraytracing results for this case also apply
to low, weak elevaieu 1av-—<. In both cases, the radar is below the top
of the layer. The near edge of the radar hole will bc located at the top
of the layer at the distance

2
d=h \/ (6.3)
T , .

whners i-; 1z the heighi of &~ iop of the layer above the surface and
AN, .s equai io N at the sur face minus N °t the top of the layer, Ng -
NT' I can be seer that unless the N- grad1ent ~tween the radar amenna
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height (surface) and the top of the layer is greater than 48 units per
1,000 feet, d will be imaginary and no radar hole will be present, The
same expression applies to evaporation ducts, although in this case
AN, asdefined above will almost never be large enough togive a radar
hole.

6.2,5 Summary

The general effects of refractive layers on surface~to-air (and
air-to-surface) radar performance are summarized following:

1, In air-to-surface situations the presence of ‘‘sea clut-
ter’’, which is produced by reflections from individual
waves, may seriously interfere with the detection of small
surface targets.

2, Actual ray bending may be considerably in excess of
standard-atmosphere bending, This will cause radar
elevation angle errors on the order of a large fraction
of a degree,

3. Range errors, which can be as great as 700 feet over a
range of 200 miles in a standard atmosphere, are not
significantly changed by the occurrence of strong N-gra-
dients.

4, Radar noles or blind spots in the radar coverage pat-

tern are rarely observed in surface-to-air situations,
but may occur occasionally in the case of advection ducts,

6.3 Air-to-Air Situations

Since botl il .adir and thetargst nare usually well above the sea
surface, evaporation and advection layers have iittle, if anv effect, on
radar performance in this instance. Such layers are too far belew .¢
line of sight to affect propags‘ion, and even when the line of sight grazes
the horizon, they have little effect for the reasons discussed in the
preceeding paragraph,

6.%,1 PRruavr Holes

Flevated layers, onthe other hand, :anbe quite effective incausing
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radar holes, It was shown in chanter 5, that radar rays can be totally
refracted when the radar is below the iayer, thereby causing a region
into which little energy can penetrate.

(a) Location of Holes {Radar Below Layer)

The distances, Rf and RY, from the radar to the near edge and
to the far edge of the radar hole, respectively ‘at the top of the layer)
can be expressed in terms of the refractivities NR Np, and Ny, 2t the
radar, layer base, and layer tcp, respectively, together with the three
corresponding heights hp, h h » and hr, (see fig, 6.13), For this purpose
two parameters D; and Dy are defined

6.232 (hT - hB)

D, = , (6.4)
1" Ng - Np -0.048 (bp - hp)

and

0,232 (nB - hR)

Ngp - Ng -0.048 (hB - hR) ’

D2 = (6.5)

where Dl and D2 are in nautical miles and hT’ hB and BR are in feet,
It can be shown that

R (naut. miles) = (D; - Dy) \[Np = N -0.048 (b, - hy)

= Dz\/NR - Np -0.048 (hy - hg) . (6.6)

Subtracting the two terms gives R!, the range to the near edge of the
hole, and adding them gives R, the range to the far edge (see fig, 6.13),
It should be noted the. Sy, Abich iz determines by the N-gradient below
the layer, will usually be negative, since the gradient will be less than
48 units per 1,000 feet; on the other hand Dy will always be positive
when thereis a radarhole, When “lie radar is at the height of the layer
base, the two radicals are equal, When the radar is within the layer,
D, and Dy are equal,and the range to the near edge of the radar hole is

given by the last term of the range equation,

The width of the radar hole, W, at the level of the top of the layer
is approximately given as follows:
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W (naut, miles) ¥ 2 Dy [Np - Ny -0.048 (hy - hp) . (6.7

The foregoing squation assumes the radar hole width is equal to the
range to thefar edge minus the range tothe near edge; i.e., W = R - R?,
In figure 6.13, we see that this is only strictly true if thear-le between
R crd R¥ equals zero; in all practical cases this angle wiin e small
and the error intrcduced by the assumption will be entirely insignificant,

{v) Avoicance of Holes (Radar Below Layer}

It was pointed out in chapter 5, that if the radar is sufficiently
far below the iayer, thers will be noradar hole at all, This can be seen
from equation 6.5; if [9.048 (hT - hR_ﬂ becomes equal to ENR - NT:],
the radical will be equal to zero, and the radiohole will have zero width.
For a still lower hP’ the hole width will become imaginary and no hole
will exist, The radar height at which a radar hole will first appear is
therefore,

hp (max.) = hg s (6.8)
0.048hy - Ng + Ny

where Ng is the surface refractivity.
(c} Location of Heles {Radar Atove Layer)

When the radar is above the elevated layer, the distances to the
near and to the far edges of the radar hole are given at radar height
instead of at the hright of the layer top as was dcne previously (see fig.
6,14), The near edge distance, RY, is given by

" 465 fhy - h)
I\
R! (naut, miles) = s————, {8.9)

\/o 048 (b - hy) - (N Ng)

where all heights are expressed in feet, The width of the radar hole,
when the radar is above the elevated layer, turns out to be a complex
exprossicn, which is plotted grsohically in figure 6,15. The abscissa
is Cg/C| where £ aud Cq are defined as
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Z{T - l‘
g = + 0,048 , (6.10)
hy - hg
and
N, - N
R T
Cl s ———— 4 0,045 , (6.11)

fig = by

The ordinate is Ah /Ahz, where Ah, is the height of the radar above
the layer top, (hy - hT), and Ah, is the layer thickness, (hp - hg).
The family of curves give hole width, W, at radar height, divided by R!,
the distance to the near edge of the hole at radar height,

In the expressions for C and 02 above, it will be seen that Cl is
always positive, but that for strong layers C, can become negative.
Thus, in figure 6,15, negative values of C5/Cy refer to strong layers
and positive values to weak layers. When C3/C; is zero, the N-gradient
in the layer is equal to the earth’s; curvature, and when C,/ C, is equal
to positive one, the layer bccomes indistinguishable since its N-gradient
is equal to that above the layer,

The curves of figure 6,15 were adapted from theoretical work
carried out at Cornell University [11], and the results have been com-
pared withactual flight data taken by the Wright Air Development Cen-
ter, Itwas found that actual elevated layersproduce radar holes whose
location and width agree quite well with the theory, Furthermore, it
was found ihat appreciable radar holes occur even when C /Cl is as
much as 0.9 (as indicated by radiosoxnde data). Since this value of Cg/
Cj isassociated withan N-gradient in the layer only 30 percent greater
than standard, it is eviden! tha: even very weak elevated layers can
cause significant radar holes,

(d) Numerical Exampies

It islikely that the descriptions given in paragraphs 6.3.1(a), {1},
il () above for locating radar holes involve concepts unfamiliar to the
'eatiei, T'oclarify these concepts, numerical examplesare givenin the
fol’Lowing suk aragraphs. Supposethe radiosonde data given in table 6.1
is representative over the area where radar holes are to be located.
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TABLE 6.1
Pressure Temperature Dew Point Height N

mb, °C. °C. ft, N-Units

1,013 15,0 12,0 ' 336
902 8.4 7.0 3,260 286
885 12,2 -13.0 3,760 250
850 8.5 -18.0 4,900 240
700 -1.3 -35.0 9,900 201

Sampie Radiosonde Data, Heights, and N-Values for the Numerical Examples.

The first step is to compute N at each level, using chart I or chart II;
these values aretabulated in the last columnabove. Next plot N versus
height to obtain a refractivity profile as described in section 3.3.2 (see
fig. 6.16).! From this profile the parameters of the trapping layer,
which is present, are determined to be

Ng = 296 hB = 3,260 feet
NT = 250 hT = 3,760 feet
AN=NB—NT=46 Ah=hT—hB=500feet

{i.,) Radar Below the Layer

Todetermine the radar hole location when the radar is below the
layer, substiiute the above values into equations 6,4, 6.5, and 6,6 as
follows:

0.232 (500) 116

D1 = = = 5,28 nautical miles ,
46 -0,048 (500) 46 - 24

Liong . engd mes _ribed wnsecti=- ,.3.4 wili give somewhart different numerical answers,
Fu - tae purposes of illustration the simpler presentation (of N-profile) is used,
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0.232 (3,260 - hR)
DZ = ’
NR - 296 -0,048 (3,260 - hR)

and

R = (5.28 - D2)\/ 46 - 24 = Doy NR ~ 250 -0,048 (3,760 - hR) .

To determine the actual iocation of the icdar hole, acsume a radar
height _}ER and read off Ny at that height from figure 6.16.

Example 1

Supposa 4. = 3,000 feet; NB (taken from fig, 6,16) is then
301. Dy now becomes 0. 237 ’30) = -8.05 nautical miles,
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R = 13.3 /22 £ 8.0 \/51 - 36.5 ,
R = 62 % 27 nautical miles ,

The near edge of the radar hole, R', at the layer top (3,760
ft.) is thus at 62 ~ 30 = 32 nautical miles and the far edge,
RM, is at 62 + 30 = 92 nautical miles,

Example 2

Now lower the radar height to 2,500 feet; {from fig, 6.1€)
then Np = 307. Dy becomes 01%3._2 36.2 = -86,9 nautical
miles,

R = 12,2 /22 + 6.9 \/57 - 60,5 .

Since the quantity under the second radical is negative, the
term is imaginary, and there will be no radar hole,

From the above examples, it is seen that a radar hole is present
when the radar height is not far below the layer base, but is absent when
the radar is lowered an additional 500 feet, For this particular layer,
one may find the maximum radar height which will not produce a radar
hole. Substituting the parameters of the example into equation 6.8 we
have

_ .3,260 (180 - 86)
156 - 40

hR {max.) = 2,640 feet ,

In this example, a radar height of 2,640 feet will give a radar hole width
of zero; at greater heights a radar hole v:ill appear. This then is the
critical heighi for avoiding a radar hole for the particular profile of the
example. Using equation 6.8 one can readily compute h,, (max,) for any
elevated layer, using appropriate values of hp, hT’ , I_\I_B, and _1!-1-.

{(ii,) Radar Above the Layer

Consider now the problem of locating the radar hole when the
radar is above the same layer as specified in figure 6,16.

Example 3

For comparison with example 1 above, assume (hR - hI‘)




in the present case isequal to (hB - hR) in the previous case,
or hp = 4,020 feet: thenfrom figure 6.16, Ng = 248 and sub-
stituting into equations 6.9, 6.1%, 3z §.11 we have

0.465 (260) 121

R! = = = 38 nautical miles ,
\/0,048 (260)-2 3.2
Co = =28 1 0.048 = -u.044
2 7 500 TR
and
Cy =—2_ 4 0,048 = 0,040 .
177260
Then C3/Cy = -1.1, and
260
Ahy /Ahy == 0.52,

Entering these values in figure 6,15 gives % = 1,8, Thus,

the hole width at radar height is given as
W = 1,8 (38) = 68 nautical miles,

The distance t7 the near edge of the radar hole at radar height
is 38 nautical miles, and to the fur edge it is 68 plus 38 or
106 nautical miles.

E:ample 4

In this example, assume (hp - hT) is equal to (hy - hR)
in examlc ., mmely 760 feet, Then hg = 4,520 feet and
from figure 6,16, NR = 243, In thisrase, from equation 5,9,
we have

0.485 ('76V) 354
R! = = = 66 nautical miles ,
\/0.048 (760)-7 5.4

und Cy anu C, will be the same as in example 3 above (Czl
Cy= 11). The ratio AhllAhq will now be—gﬁﬁ = 1,5 and
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from figure 6,15, Tor = 0.94, Thus,

W = 0,94 (66) = 62 nautical miles ,
and

R = 68 + 62 = 128 nautical miles ,

The results obtained in examples 3 and 4 show that, when the
radar is not far above the 1ayer top (260 ft.), the near edge of the radar
hole is 38 nautical miles away and has a width of 68 nautical miles,
Raising the radar height 500 feet, moves the near edge of the hole out
to 66 nautical miles, but does not remove thehole. When, however, the
radar is anequal height below the layer base (example 2), the hole dis-
appears entirely, This illustrates the statement made previously;
namely, if the rad~r is above the layer, raising its height moves the
hole outward and narrows it slightly, but does not eliminate it. When
the radar is below the layer, one can eliminate the hole entirely by
locating the radar several hundred feet below the layer base.

(e) Shape of Radar Holes

The previous paragraphs have discussed the location of the radar
hole (1) where it intersects the top of the elevated layer, for the case
where the radar isbelow the layer, and (2) whereit int2rsects the radar
altitude, for the case whe¢ . the radar is above the layer, Since the
radar target will rarely be at either of these particular altitudes, one
would like to be able to locate the boundaries of the hole at any target
height,

(i) Radar Below the Layer

When the radar is Lelow Jic layer, this is particularly simple,
Since the rays defining both edges of the hui. cmerge tangcat to the
layer top, they will remain the same distance apart at all heights above
the layer top; in other words, tl.e width of the radar hole above the layer
is constant with altitude, This effect is illustrated in figure 6.13. At
a height, hy, (above the top of the layer) the radar hole width is equa.
to W,; comparison will show that W ¥ W,. Theonly problem then is to
e~fine the tange beumd toe layer top, R,, versus altitude (above the
layer top) relaticaship of one edge of the hole (see fig. 6,13), and the
rroblem is complutely solved, Figure 6,5 7 shows various curves de-
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Ry~ RARCL BEYSHe LAYER TOP (NAUTICAL MILES)
(s} 50 100 150 200 2%0 300 350

LAYER TOP

1. N~GRADIENT ABOVE LAYER =G. \

2. N-GRADIENT EXPONENTIAL \BOVE LAYER
Ng = 250 (dry almosphere),

3. N-GRADIENT EXPONENTIAL ABOVE LAYER
Ng =400 (moist aimosphere ).
RADAR HEIGHT=1,000 FT. ABOVE SURFACE,

4, N-GRADIENT EXPOMENTIAL ABOVE LAYER
Ny = 400 (moist atmosphere).
RADAR HEIGHT = 5,000 FT. ABOVE SURFACE,

Figure 6.17, Shape of Radar Hole Chart,

fining this relationship for several different refractive conditions., In
the figure, the layer top is shown, together with segments of curves
drawn at 10,000-foot increments above the layer top. The range scale,
_le, is in nautical miles beyond the pcint where the ray emerges from
the layer top. The exact trajectory of the ray will depend on the char-
acteristics of the N-profile above the layer, The upper straight line,
curve 1, assumes no change of N with height above the layer, which of
course is unrealistic, The second curve, 2, assumes a reasonably dry
atmosphere above the iayer, which co..~esponds to an exponentizl pro-
file with Ng equal to 250. Thenext twocus 2z aesvme av2ry high sur-
face Nof 400, Inthese casestheamountof atmospherebelow the source
is of importance; thus, the third curve, 3, is for a radar height of 1,000
feet, and the fourth curve, 4, is for aradar at 5,000 feet. Anexponential
decrease of N with height above the layer, as portrayed in figur: 3.5,
bhag been assumed in all cases except the top line, The proper curve
to use inost cases will lie between 2 and 3, and probably closer to
curve 2,
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{ii.) Radar Above the Layer

In this situation, the near edge of the radar hole is again defined
by figure 6,17, since this edge is tangent to the layertop. The far edge
of the hole is defined by the next ray emerging from the layer top, which
emerges at a small upward angle rather than being exactly tangent (see
fig, 6,14). The hole, therefore, gets narrowe; (width . ~reases) with
increasing altitude above the layer, at a rate which depends on thelayer
characteristics, Theparameter givenin figu:r 26,15 is the ratic of hole
width, W, to the distance to the near edge, R', at the same altitude as
the radar antenna, It turnsout thatabove this altitude the hole narrows
very slowly with altitude; thus, if one predicts a hole of constant width,
he will be a little pessimistic in that the hole at greater heights will
actually be somewhat narrower than predicted,

{f) Practical Limitations

In applying ray tracing techniques to pr .ctical propagation prob-
lems, several limitations should be kept inmind, First, elevatedlayers
as they occur in nature are rarely uniform over the 100-200 mile ranges
called for in the foregoing ray treatment. Even if one had an accurate
refractive index profile at one point along the propagation path, this
would not necessarily be representative of the layer characteristics
100 miles, or even 50 miles, away., Usually elevated layers can be re-
garded as being reasonably uniform, but one must remember that a
single radiosonde ascent maynot be representative of the layer inques-
tion, It isalways necessary to consider carefully all available synoptic
information,

Another characteristic of layers is that they have small-scale
irregularities which make them more like a ground glass mirror than
a smooth mirror in the region of total refraction, This has the effect
of scattering energv in'~ the radar hole from adjacentrays, This ‘‘fill-
ing in'’ of the theoretical well-defined radar holc is moirc apparent at
the edges of the hole, particularly at shorter wavelengths, since these
wavelengths are more affected by small-sized roughness elements,
For example, the southern California subsidence inversion layer looks
quite smooth at a 3-meter waveiength, but it looks quite rough to 0.5-
meter energy. As pointed out in chapler 5, weaker layers appear
srouwior than intense I-:-»-5; for this reason when a hole is present
due 10 a weak layer 1t is less likely to be filled in by scattering; i.e.,
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it will have more well defined boundaries,

(¥

Another complicaiing facior, which is particulariy ¢cmmon over
the sea, is that energy is reflected from the sea surface, This energy
will be incident upon the layer at much steeper angles than the direct
ray and thus will not be affected by the layer to any appreciable extent,
Energyreflected fromihe sez will, therefore, tend tofill in radar holes,
particularly at longer wavelengths (due to more e. ‘cient reflection),
The fact that deep radar holes are obs *rved, however, even over sea
paths, attests to the fact that one should not rely on sea reflections to
eliminate radar holes but rather only to reduce their intensity,

The above remarks are not intended to convey the impression that
atmospheric structure is so erratic that useful predictions of its efiect
on radio or radar propagation cannot be made, It is wise, however, to
realize that various complicating factors are operating to modify the
simple assumpt*ions on which the computations are based. Observa-
tional evidence shows that radiosonde and refractometer data are usually
adequate for practical performance calculations,

6.3.2 Extended Radar Ranges

In the case of air-to-air layered situations, it is found that the
energy in the region just beyond the far edge of the radar hole is stronger
than when nolayer is present, Theory [11] predicts that this should be
the case, and experimental evidence supports the theory., As the tar-
get closes range it will first pass through this region, which is usually
about the same width as the radar uole. As it moves in, the target
passes through numerous narrow fingers of alternately high and low
illumination, The field in the maxima increases as the far edge of the
radar i.0le is approached, and usually detection probability increases
markedly over that expected if no layer were present. Finally, when
the far edge of the radar hole is passed, the target will be lost until it
emerges {rox. i ué«v edge of theradar hole at relatively close range.
The layer, therefore, serves %o extrzet radar ene:gy from the region
of the radar hole and to concentrate it in the region beyond, As -.ci-
tioned above, the enhancer-ent is strongest just beyond the radar hole;
it decreases gradually through a distance about equal to the hole width,
and merges with the free space field beyond.

Yenen a leyes .5 present which causes a radar hole, the best oper-
ational procedure is to fly the radar above the layer at a height such
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that the far edge of the radar krole coincides with the radar’s normal
detecticn range. In ihis way, the enhancement beyond the radar hols
will serve to increase the detection range by at least half the width of
the radar hole,

a4 Method for Determinii.; Refractive Characterist’~s from Radar
Performance Datia

Under certain circumstances, such g in 2ircraft carrier opera-
tions during radio silence, on: may not be able toobtain radiosonde data
from which to make predictions, and at the same time airborne refrac-
tometers may not be available. It may be feasible, however, to obtain
initial detection ranges on incoming aircraft at several altitudes with
surface search radar. Such information will serve to define the shape
of the radar horizon line and thus indicate the presence of an elevated

iayer.

It was stated in chapter 5, that the range 1o the radio horizon in
an atmosphere with a linear N-gradient is

R = V2aehR + br2aeh,r ,

where a, is the effective earth’s radius for the N-gradient present, hR
is the radar height, and hy the target height. If one plots R versus h,
for various N-gradients, the result is shown in figure 6, 18, The dis-
tance is made up of twoparts, corresponding tothe two terms expressed
above, Thefirst term is the distance from theradar to the radio hori-
zon (V'Z—:i;—ﬁi?') and is plotted to the left of zero. Since this term is
usually quite small compared to the second term, the effect of varying
ag is insigniticant, and the standard N-gradient of 12 units per 1,000
feet, hasbeenassumed, If theradar is at aheight of 100 feet, the hori-
zon distance is 12 miles, If the N-gradient is constant, the total hori-
zon distance for a ;uven tuoget ol Jht is tacn 12 miles plus the horizon
distance at which the curve corresponding to it evisting gradient inter-
sects the target height, h,.

6.4.1 VLayer Characteristics
If one has initial detection range data at several target heights

2i: 1 ploisthem on figire 6,18 (after subtracting the radar height term},
the points will lie on a single curve if no elevated layers are present,
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Figure 6.19. Overlay for Figure 6,18, {Chart VII)
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In this case the position of the plotted points, as shown by the circleg,
in relation to the curves aiready ploiied on figure 6,18, enables one 1o
determine the N-gradient directly,

When an elevated layer is present, the pcints obs. +ed for the
targets (aircraft) below the iayer height will 'ie on a .ingle curve as
before. When the targets are above the layer, i wever, tr.» points will
lie further out, 2s shown by the crosses in figure §,18, t'he scason for
this is that, as the rays penetrete the layer they ara hent devmward (as
illustrated in fig, 5.2), thus extending the horizon somewhat,

Using points plotted as infigure 6,18, one can determine the layer
characteristics in a particular situation in the following way:

1, Observe that the lower points (crosses) lie on the curve
corresponding to an N-gradient of 15 units per 1,000 feet,
Thus, one can say that this is the N-gradient below the
layer.,

2, Next, place the overlay (fig. 6.19) on top of figure 6,18,
This overlay is simply a duplicate of the curves plotted
in figure 6,18 to the right of the origin (h = 0, R = 0).
Now move the overlay up and to the right, keeping the
axis at the bottom parallel to the horizontal lines in fig-
ure 6.18, A position of the overlay will be found such
that <he upper points (crosses) fall on one of the overlay
curves, When this position is found, the overiay curve
corresponding to the plotted points indicates the N-gra-

dient above hé .ahrr {2 - 12 in ihis case).
J Ah

3. Readoffthe height 11_1, and range Ry, where the two curves
intersect (ﬁ%‘ = 15 of tigure 6,18 and % = 12 of the
overlay). Inthiscase h; = 3,500 feet and Ry = 76 miles,

4, wead Off the heigti 4y, and distance Rg, of the overlay
origin(cross), In this case hy = 1,100 feet and Ry = 16
miles,
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5. Theintersectionbsight of thetwo curves hy, is th» layer
height. The total change of N through thelayer is deter-
mined by

TER AR NS
ANy, = 0,0541 (). , {8.12)
\

Ry - Ry

]

hi,2 _ B - hy 2
e 051 R b8 CRETR <

h 2,500
—_= = 46,0 feet/mile ,
Rl 76
and
hl - h2 3,500 - 1,100 2,400
= = = 40,0 feet/mile ,
R, - Ry 76 - 16 60

6, Figure6.20 isa plot of N; (or Ny) versus—ﬁ— » Ny, cor-
; h —L L = -
respgnd_l_ngto (—Rjé-) = 46,0, is 115, and Ny, corresponding
to ( ) = 40,0, is 87, Thus, ANy = Ny - Ng =
115 - 87 = 28 units,

In summary, the points plotted on figure 6,18 indicate that the N-profile
has a gradient of 15 units per 1,000 feetup to 3,500 feet, then a decrease
of 28 units, followed by an N-gradient of 12 units per 1,000 feet above
this height, It is not feasible to determine the layer thickness from
detection range data, One would need alarge number of very precisely
measured points and would have to assume a smootl, absolutely uniform
layer in orcderto derive the layer thickness, Instead, one has ok:tained
the effective a:iv waucih the s, or wouid have if it had zero thickness;
i.e., 1f it were a very sharp (thin) layer,

In addition to figures .,.18 and 6,19, full-size reproductions (with-
out the plotted data shown) have been printed on transparent paper and
areprovided as loose-leaf inclusionsto this manual{charts VI and "7},
NMMhough charts VI and VII may be used in their present form, it is sug-
sested ihat working copies be made on transparent plastic stock using
the Ozalid ‘or other! duplicating precess. Routine use of these charts
in their present forin will soon result .4 their destruction,
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Figure 6,20, Refractivity versus h/R,

6.4.2 Prediction of Radar Holes
(a) Radar Below the Layer

Wken an airhorne radar is h' feet below a sharp layer, the dis-
tances, R! and R, to the boundaries of the i1adar hole are given by

t¢ {t;:aut. miies) =
4.87

- AN, & \/ANL -,048h'{1 -0.0209(%}:1)1]_] , (6.13)
1 -0.0208(23), |

where (ﬁhN)l is the N-gradient below the layer in units per 1,000 feet
asd AN, :s il tbenge of M in e layer itself, Using the minus sign
before tue second radical gives the distance, R!, to the near edge of the
hole at Iayer height, and using the plus sign gives the distance, R, to
the far edge, T
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Using the figures given in the preceding example we vbtain

V28 = \[28 -0.048[1 -0.0209(15)]115! , {6,13)

R=17.1 r-;':.S + /28 -0.033}1'—' .

—

4,37

R = 176.0209(15)

or — _ -
R =375 L_l 1 - "011811'] .

If the radar heigh* is 850 {eet or more below the layer, theradical will
be imaginary and no hole will be found, Jf it is closer to the bottom of
the layer than this, say 500 feet below the layer, there will be a hole
between 13,5 miles and 61,5 miles,

(b) Radar Above the Layer

When the radar is above a sharp layer, the distance to the near
edge of the radar hole at radar heighi is similar to that given insection
6.3, namely,

U
R! (naut. miles) = 14, 8\1 (6.14)
48 -

where h' is the radar height in feet above the layer and (%}111) is the
N- gradient in N-units per 1,000 feet above the layer. The distance R"
to the far edge of the hole (again at radar height) is obtained from f1g-
ure 6,21, In this figure, it is assumed that

AR, = 4F), = 12 units/1,000 feet ,

which will be r=ar_ 3hly well satisfied most of the time, This figure
is similar to figure 6,15, whichapplies tolaycrs of finite thickness, and
gives theratio of holewidth W to R! in terms of ANy and radar heiz'.
h'", above the layer,

{c) Summary
To cunanacize 1. use of the radar method for obtaining refrac-

tive characteristics, one finds that if initial detection rarges on incom-
ing aircraft are available for at least { ur different aircraft altitudes,
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it is possible to deduce the eifective charactemsﬁcs of the N-profile,
These characteristics are: (1) the N-gradient, ( ) » below the layer,
(2) the layer hezght (3) the effgc ive change of N through the layer,
Al ‘TL’ ann {4 e N-gradient, f‘ ) , above the layer. The effective N
change iu the layer is based on a thm layer, and it is not practical to
attempt to determine layer thickness, Using the de. ived characteristics,
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one can predict the locatica and sxtent of radar holes for airborne
radars, In order to do this without layer {hickness information, one
musi modify the methods of section 6.3 as has bee: shown,

It should be emphasii'ed that the N-profiie characteristics derived
ia thisway are dependent upon the accuracy wiiliwhic™ *he horizon line
of ship-borne radar can be defined, As -an be seen i figure §,1§,
errors of a mile or so in defining this iine ..bove the layer will cause
appreciable errors in the derived layer characteristics, Ii is, there-
fore, much better touse refractometer or radiosonde data if it is avaii-

able.
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7. RADIO PLRFORMANCE

The physical concepts of radio wave propagation, which ware de-
veloped in parts I and II of this manual, apply equally well whether one
is concerned with radar detection or with radio commurication. The
application of these concepts, however, is somewhat differen. in thetwo
cases, Since radar detection involves refleci.. 1 of energy from the
iarget and a return trip to the radar antenna, a great deal more power
is required for the detection cf a target at a given distance than for
radio communication over the same distance, Furthermore, the mete-
orclogical effects needed to increase radar detection ranges are much
stronger than those needed to extend communications ranges by the
same amount, In this section, the principles presented in parts I and
Il are applied to the problem of radio communications over the ocean.
Before proceeding, however, it is necessary to become familiar with
the term, *‘decibel’’,

Since radio power or field strength may vary over a very large
range, covering many orders of magnitude, it is convenient to express
these quantities on a logarithmic scale. Inmost radiopropagation work,
the power or field strength is expressed in‘‘decibels below free space’’,
Tounderstand this and similar terms, one must bear inmind that deci-
bels always refer to a ratio, The definition of decibel {db) is

P, F,

db = 10 log—-i;—= 20 log-—i?--, (7.1)
where P is power (or intensicy) and F is field strength (or amplitude).
The zero subsc: ript refers to a reference power or field, If the refer-
ence isthe free spacepower or field at agiven distance from the trans-
mitter, then expressmg the power at ‘‘x’’ decibels below free space,
means that ten times g g <. the »atio ) of ''Free space’’ to ‘‘measured
power’’ at a given dlstance is equal to **x’’, For evample, suppose the
measured power received at 20 miles from a transmitter is one-fifth
of the computed free space power % 20 miles, Then <2 = 5, but log 5
= 0,70; thus, on a decibel scale the measured power is_i0 (0,7) = 7
decibels below free space. In the same example, since <2 = 5, then
F@ = \5 = 2,24, but log 2,24 = 0.35, and 20(0.35) = 7decibels. Thus,
the G cib.! vawr. is the sari: whether the power ratio or the amplitude
ratio is used., The following sections disiuss the effects ~f meteoro-
logical variables on radio communications.
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7.1 Surface-to-Surface Situations

7.1.1 Linear N-Profile
Consider now the case of two ships proceeding away irom each

located H feet above the sea surface, How doestherad. -ignal strength,
as measured at one of the ships, vary wi'h distance? The result is
shown schematically in figure 7,1,

At veryclose range, there is interference between the direct and
surface-reflected rays. Thiswill cause thefield to pass through max-
ima and minima as the ships move apart, At distances where the two
waves arrive just out of pgase the received signal will be very low,
Thesedistances are d = -%&- where n is an integer (1, 2, 3, etc.). The
greateit distance where a minimum will occur corresponds ton = 1 or
d= -2§— . Suppose for example that H = 100 feet and A = 1 meter (300
me,); then d = 1,0 nautical mile, At twice this distance the signal will

N DB BELOW FREE SPACE AT HORIZON

rN
o)

‘L
<

Sf3NAL STRENGTH 1
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Figure 7.1, Radio Field Strength versus Distance ror Various Propagation Conditicns,
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again pass through a maximun., Since the two waves are in phase the
signal amplitude will be double the free space field at this point (power
will be 4 times free space). Thus, the field is 10 log 4 = § decibels
above free space, From this pointon, the signal will decrease steadi| L,
with increasing distance, When the distance is doubled again {d = —ﬁ

or 4,0 miles in the example above), the field will be equ. tc the free
space field, At this point the two waves arri -e 90° out of phase with
each other, sc ihe measured field is ...uupx‘y tha. of either wave alone,

As the ships continue to senarate, they will reach thehorizon dis-
tance, Since bothantennas are assumed at equal height this distance is

. H
d, = z\2a H = 2,2 , (7.2)
h e :
1 -0.0209(%1“54

where H is the antenna height in feet and is the N-gradient in the
layer below the antenna. For H = 100 feet and%EN— = 12 units per 1,000
feet, d = 25.5 nautical miles, The signal strength at the horizon dis-
tance turns out to be very nearly constant (when expressed as db below
free space) over a wide range of wavelengths and N-gradients, Figure
1.2 shows the horizon signal strength versus A for a substandard N-gra-
dient (8 units/1,000 ft,) and for a superrefractive gradient (30 units/
1,000 ft,). Thesolid curves represent 100-foot antenna heights, and the
dashed curves represent 50-foot antenna heights, It can be seen that a
value of 24 * 1 decibels below free space represents the horizon signal
(field) strength for all but the shortest wavelengths quite closely. The
main effect of changing the N-gradient is to increase the horizon dis-
tance according to the above expression,

Beyond the horizondistance, the radio waves ente: the diffraction
regicn in which the sttenuation rate {decrease of field strength with
distance) in deciktels pe:r nautical nitle is cousisut. The attenuation

rate, A, in this region is
2/3
(1 ~0.0209 %}—;'—) —l
__] ) (7.3)

A {(db/naut. mile) = 0,72

whes : o 1S thc wavelelig.h in centimeters and -ﬁl_\% is the N-gradient be-
low antenna heigh*, Using the previous exar:ple ( A= !00 cm,, ET =
12units/1,000 ft.) gives a rate of 1,3 decibels per nautical mile; smaller
Ns and smaller N-gradients will increase thz rate, Table 7.1 shows
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the attenuation rate for various A's and N-gradients, This constant
attenuation rate will control the fields out to a distance of about 50 miles
(for shipboard antenna heights),

From this point on, the radio waves enter the ‘’scatter’’ region,
in which the dominant propagation mechanism is scattering from atmos-
pheric inhomogenci**es, The attenuation rate in this region has been
found experimentally to be about 4,15 of o cecibel pernautical mile and
is reaconabiy independent of wavelength, ‘Ine scailer region is not
usually of particular interest in shipboard communications because tne
fields are so weak that very high-power transmitters and large, highly-
directional antennas are requirad to obtain a usable signal, Shore in-
stallations, between islands for example, often use such measures, 2'd
sine thot seatter commenications are very reliable, The fields in tem-
rerate iautudes are usually somewhat stronger in summer than in win-
ter, because .he presence of more water ~apor results in more intense
scattering parcels,
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TABLE 7.1
AE 3 1 2] '

A Ab {units/1,000 ft,}
cm, 8 10 12 15 20 25 30
600 0.73 0.71 0,88 0,85 158 0,50 0,43
300 0.93 0,90 0,87 0.84 0.74 0.64 0,55
150 1.17 1,13 1.09 1,05 0.93 0,81 0.69
60 1,68 1.53 1,47 1,42 1.25 1,09 0,93
30 1,99 1,92 1,86 1,79 1,57 1,37 117
15 2,51 2,43 2,34 2,25 1,98 1,78 1.48

Attenuation Rate in the Diffraction Region (db/naut. mile) for Linear N-Gradients.

7.1.2 The Effect of Layers

Thus far, the effects of constant N-gradients on communications
have been considered, Under theseé circumstances diffraction theory
may be applied quite easily, since a linear N-profile may be closely
approximated by simply changing the effective earth’s curvature, In
the case of nonlinear N-profiles, with surface and/or elevated layers,
theory has not been so well verified by experimental evidence, It is
necessary, therefore, to resort to semiempirical methods, as derived
by Gossard and Anderson[14], to obtain useful results. Inpractice, one
is not interested in the signal strength as such, but in how much addi~
tional communicating distance will result from given layer character-
istics. This additional distance is given by

AD (naut, miles) = (D, -2.55\[H) [(A T B iog AN105+ CTosh )-1J ,(1.4)
L T

where D, is the normal c.ommumcatmg distance in nauticalmiles, H is
the anfenna height in feet, 4N, is the change in N through the layer, hp
is the leye: -ty height 1afeet, and A, B, and _g are given in figure 7.3
as functions of waelength,
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Nume:.ical Example

Suppose for example A = 100 centimeters, H = 75 feet,
and Dy 38 .35, ual the laye. characteristics are
hp = 2,000 feet and ANy = 18, Froz figere?,3; A =
-116, B= -62, C = +63

AD = (35 - 22) (}3—0(-)-5—) - 1} = 32,5 nautical miles .
Increasing the layer-top height to 3,006 feet makes

&AD = 20 nautical miles.

160
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Fquation 7.4 applies only over a limited range of elevated layer
characteristics, It would not &2 used under strong ducting conditions;
i.e., when, A + B log ANy, + C log hy, is less than about 10 decibel:s.
Under these conditions, the assumptmn of a constant signal at the hori-
zon distance becomes invalid, For conditions between standard and
moderate ducting, and for extended ranges within 100 miles from the
transmitter, equation 7.4 will be reasonably reliable,

When layers arepresent which give very la.ge (or negative) AD’s
using the above expression, thereis nomethcd (empirical or otherwise)
for predicting the expected extensicn in communicating distance, When
trapping layers are encountered, the fields at the horizon and beyond
are found tc be nearly at the free space level for great distances, When
the h, and ANL of a layer exceed the trapping criteria shown in figure
8.7, 1: is safe toconciude that communication signals will be very much
stronger than usual, and that communications may be carried out be-
tween ships at much greater distances than normal,

7.2 Surface-to-Air and Air-to-Surface Situations

The meteorological effects on surface-to-air communications will
be considerably less pronounced thanthose described in chapter 6, The
region of maximum signal enhancement caused by atmospheric layers
extends from the sea surface up to the top of the layer. Since strong
effects are rarely caused when the layer top is above a few thousand
feet, the aircraft will usually be well above the region where strong
effects occur,

In cases where appreciable surface-to-surface effects occur, the
signals above the layer will also be enhanced, but to a degree which
falls off rapidly withheight, Experimental evidence shows that incases
of strong ducting, the field for the first few thousand feet above the layer
top is appreciably sitcags = than swhen no duc? is present, Also, when
the aircraft is at high altitudes {30,000 - 40,600 ft.}, the racic horizon
distance is increased by as much as 5 percent of its standard value of
1.23 ( \/FR + \[Hyp), where Hp and H-, are the two terminal heights,

No systematic study has been made for intermediate altitudes.
t is likely, however, that ihe degrce of ccmmunication range extension
wiil n.. ivoen~d a fewpercen* v enever the aircraft is more than a few
thousa, d fret above the layer top,
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In the absence of layers capable of causing appreciabie surface-
to-surface signal enhanceinent, the surface-tc-air enhancement will
be negligible. Cne can conclude, therefore, that the meteorclogical
effects on surface-to-air communications will generally be very much
less than over surface-to-surface paths, and that they wili be appre-
ciable only when the airc+aft is at low altitude {such thai surface-to-
surface criteria apply).

7.3 Air-to-Air Situations

When bothterminals of a communications link are well above the
surface, the effects of weak elevated layers become more important
than they are when one terminai is near the surface. In this situation,
radio holes can play a significant role in redistributing the transmitted

gnargy.

In section 6,3 (air-to-air radar), it was noted that radio holes,
caused by relatively weak elevated layers, can cause radio energy to
be very weak in the radio hole, and that beyond the hole, for a distance
roughly equal tothe hole width, the energy is stronger thanusual, Thus,
as two aircraft move apart, the signal wiil decrease at the free space
rate until the near edge of the hole is reached, Then it will decrease
markedly for a distance of many miles, until the far edge of the radio
hole is passed. At this distance, the signal will increase markedly in
intensity, pass through a maximum, and then will gradually fall off to
the free space values at a distance roughly equal to the width of the
radio hole., Beyond this, the layer will have little effect, and the signal
strength will again decrease at the free space rate (6 db per octave of
distance). The methods for locating the boundaries of the radar nole
which were developed in section 6.3, are of course equally valid for
the radio hole, sincz the phenomena are identical,

It should o~e: ~hacized that all of the above effects occur within
the radio horizon as determined by d = 1.23 {\/Hy + \/TI}) . This dis-
tance for high altitude aircraft is rather large {35v miles at 20,000
for example), so free space attenuation will usually limit the communi-
cation range before the earth’s shadow becomes effective,
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8. REFRACTIVE INDEX CLIMATOLOGY

In part]l of this manual we have discussed methods for describing
the refractive properties of anatmosphere in terms of various refrac-
tivity profiles, and inpart III we have outlined procedures for predicting
radio-radar performanct in terms of specific refractivity conditions.

In the absence of specificinformativ.. and particulariy for plan~
ning purposes, it is useful to develop a knowledge of the climatology cf
refractivity, Anunderstar ding of the refractive properties of air masses
will also be helpful in answering questions as to the horizontal extent
and time persistence of refractive layers, For these reasons sucha
climatology is presented in the following paragraphs,

8.1 Seascnal Distribution of Refractivity Near the Surface

If we examine the firsc¢ term, the ‘‘dry’’ term, on the right-hand
side of equations 3.3 or 3.4, we see that it isproportional to air density,
From typical atmospheric data, it can also be shown that the ‘‘dry”’
term constitutes at least 60 percent of the value of N, For these rea-
sons the refractivity is strongly affected by pressure changes.,

In orderto study the distribution of refractivity at the surface, it
is desirable to suppress those variations produced solely by surface
topography. For this purpose we use a technique analogous to that of
reducing station pressures to sealevel. Solving the expression for the
standard refractivity profile, equation 3.5, for _1§T_S we have

ch
No = Ns exp. s

where N is the refractivity at the ezrth’s surface, Ny is the refrac-
tivity at height h above the surface and c is the exponential coeffizient
of a partrcular standord prefite, We then defline a datum refractivity,
N, as follows

Ny = Ng exp.Chs , (8.1)

where N isthe surface refractivity, hg is the height of the surface, and
© is again the exponenti=l coefficient of a particular standard profile,
The ¢ lvir cefraciitityis then the value obtained if one extrapclates ths
surface value along a standard refractivi‘y profile to zero heaight,
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In order to facilitate the reduction of surface refractivity values
to the zero-height datum figure 8.1 has been prepared, using the value
of ¢ = 0,1057 as arbitrarily adopted by Bean and Riggs {3] as being the
most representative standard profile, Equation 8.1 then becomes

o .. 0.1057 hg
No - Ns SApo ’

where N, N, and hg {inkilometlers) are defit. - as in equaiica8.i, In
use, one locates the point on figure 8,1 ccrresponding to the surfacere-
fraciivity, Ng, and the surface eievation, hg, Bylaying a straight edge
through the point and parallel to the set of sloping, dashed lines, the
datum refractivily, N,, may be read from the ordinate scale, Cther
values of the expcnential coefficient, ¢, could be represented on figure

8.1 by additional sets of sloping, dashed lines of different slopes.

Using the reduction method described above Horn, Bean, and Riggs
[15] have prepared world-wide maps of datum refractivity for various
months and seasons., Figures 8.2 and 8,3 show these results for the
months of February and August, It can be seen that N, varies from
390 in humid tropical areas to 290 in desert and plateauregions, Con-
tinental interiors and mountain chains in middle latitudes are reflected
by low values of N, as compared to coastal areas, Such major climatic
details as the Indian monsoon and orographic rain shadows are also
indicated by the N, contours,

Figure 8.4 illustrates the climatic response of surface refrac-
tivity and shows a world-wide analysis of the annual range of monthly
mean values of Ng. Climatic controls, such as the prevailing transport
of maritime air inland over the west coasts of North America and Europe,
are indicated Ly relatively small annual ranges of Ng (20 to 30 units).
On the other hand, a range of 40 to 50 units or more along the east
coast of the United States reflects the frequent invasion into this ares
of suchdiverse air m:.z.w . w> cosiin~atal arcii® and maritimetropical,
The largest annual ranges of Ng (90 units) are obcorved in the S:dan of
Africa and in regions affected by the Indian monsoon,

8.2 Refractive Index Characteristics of Air Mass Types

Air masses, having approximately homogeneous horizontal dis-
irib.-tions of teauperasvie, La.aidity, and lapse rate, have been defined
[6] and are commonly identified by the practical meteorolegist in his
study of daily weather development, Nearly uniform characteristics
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areacquired whenair remsans over alarge source region, with uniform
surface temperature and humidity conditions, until equilibrium is reach-
ed through the action of convection and radiative processes. Because
refractive properties are also determined by the distribution of tem-
perature and humidity, e: ch air mass may be associated with charac-
teristic refractivity values and profiles. These air mass characteris-
tics will now be described.

Because it is desired to suppress the pressure-height variations
in refractivity, the A-unit presentation of refractive index (see section
4,4.,3) will be used in constructing ai: profiles, The profiles thus be-
come more sensitive indicators of changes in temperature and humid-
ity.

8.2.1 Continental-Arctic and ~Polar Air Masses

Continental-arctic air masses are produced over the arctic (and
antarctic) fields of snow and ice and over the snow-covered portions
of the continents, where the wind systems are predominantly anticy-
clonic and large-scale subsidence is typical, Physical modification of
continental arcticair as it moves southward over the continents changes
it, by warming, into a continental-polar air mass in which the tempera-
ture regime is less severe,

The refractivity profiles of the twoair masses, continental arctic
and continental polar, are similar as indicated in figure 8,5, which
shows representative profiles for both summer and winter. Continental
polar air ie characterized summer and winter by a profile showing a
very slig.t increase in refractivity with height, Continental arctic air
shows the same slight increase with height above one-half kilometer,
but exhibits a sharp increase in the lowest levels above the ground,
Large surface »..lucv- Ir con*‘menial arctic air indicate extremely low
ground temperatures characteristic of & pronvunced arctic inversion,

When continental polar air is found away from its arctic source
region (in the United States for example), it has usually been modified,
and the strong surfaceinversion has beenerased, A nearlylinear p=~-
file, resembling the standard refractivity profile, results and sup¢r-
refrzeiive effecis are s<duced., On the other hand, ducting occurs re-
latively {requently ncar the ground in the arctic source region,

8.2.2 Maritime-Polar Air Masses
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Figure 8,5, Representative Profiles fo~ Continental Air Masses.

The maritime polar source region is in reality an oceanic zone
of transition separating the tropical maritime source from the polar
and arctic contineniz: scarce, During the winter, maritime polar air
over land exhibits a linear profile above about tns l-xiiometer level
with a decrease in refractivity in the lower layers (see fig. 8.6), due
to the drying-out effects of an over-land trajectory., Summeartime pro-
files over land and oceanic profiles show an increase in refractivity
near the ground due to the addition of water vapor (at warmer tempera-
trres),

As a conscousnce, winter profiles ove land generally produce
stardard or =ven substandard refractive cond:tions, while summer and
oceanic profiles tend to become superrefractive,
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Figure 8.6, Representative Profiles for Maritime-Pular Air Masses,

8.2,3 Continental-Tropical Air Masses

Source regions for these air masses are found in the Northern
Hemisphere over tne sarge lauu «:asses ol North Africa, Asia, south-
western United States, and southern Europe i zurmmmer: and cver North
Africa in winter,

Refractivity profiles for continental tropical air show a decided
increase in refractivity with height and typically have surface value-.
nder 'MO units, as shovm in figure 8,7, A positive gradient of about
v A-uwnite per kilorwewer exists aloft, The extremely low surface re-
fruct1v1ty values reflect the prevailing high temperatures, extensive

vertical mixing, and extreme dryness typ.cal of the desert source ra-
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over Northern Hemisphere sourceregions, Superrefractive effects can
be expected within ihis air mass beih summecer and winter, but they can
be expected to be more pronounced in summertime due to theincreased
water vapor gradient,

8.2,5 Superior Air Masses

Superior air is essentially a high-leve™ air mass, . ‘hough it may
appear at the surface, Itappearsmost frequei.;ly over the southwestern
part of North America and is believed 1o be created largely by large-
scale subsidence aloft,

This airmass is characterized by a near-linear profile, as shown
in figure 8.8, A slight decrease of refractivity with height is evidenced
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Figure 8.8. Representative Profiles for Superior Air Masses,
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in most summer profiles, Winter profiles typically show about the same
rate of decrease to the 2-kilometer level, above which a slight increase
in refractivity is observed. Superior air mass profiles approximate
the standard refractivity profile, with only a slight tendency toward
superrefraciion, Normal propagation at microwave frequencies canbe
expected within a superior air mass; ducting is most unlikely due to the
dryness of superior air.

8.2.6 Air Mass Summary
In order io summarize the salient refractive characteristics of

each of the several air masses discussed in the preceding paragraphs
table 8,1 has heen prepared for convenient reference,

TABLE 8,1
Air Mass A-~Profile Summer Winter
Characteristics N, |Aat 3km, | N, [ Aat 3km,

Continental | Near-Linear 330 330 340 330
Arctic (above surface inversion)

Continental { Near-Linear 330 330 320 325
Polar

Maritime Near-Linear 340 330 320 330
Polar (above 1 km,)

Continental | Strong Positive 300 340 290 330
Tropical A-Gradient

Maritime Negative 380 340 360 330
Tropical A-Gradient

Superior Near-Linear 330 320 310 310

Typicai Air Mass Refractivity Characteristics Between the Surface and 3 Kilometers.

8,3 Mechanisis of Air *ass Moegdification

o mt— e r—— .

oy om——

We have described, in very general terms, the refractive prop-
erties of the six most commonly identified air masses, These proper-
ties are typical for each air mass in or near its source region, As an
air mass moves from its source region it is modified by various phy-
sical mechanisms which come into play. In order to predict the prob-
ablz chavacteristics of such 2 --ansient air mass we shall now discuss
eacl r =chanisis in turn,
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8.3.1 Radiation

An important physical process, producing nocturnal atmospheric
stratification, is the continuous loss of energy by long-wave radiation
from the surface. For an average earth temperature of 287°K, this
radiation has its maximnm intensity at 10u in the infrared portion of
the electromagnetic spectrum. Most of this outgoing radiation is cap-
tured by the carbon dioxide and water vipor abso., '~n bands in the
atmosphere, so that the ground cools after = sndown at a relatively slow
rate, Through conduction and convection processes the air layer next
tothe ground alsolosesheat, Aninversionlayer severalhundred meters
thick may be produced inthisfashion. Conditions favoring the formation
of strong nocturnal radiation inversions are clear skies, low humidity,
and light surface winds., Large humidity gradients are also common
in radiation inversions, so that superrefractive conditions and, occa-
sionally ducting, result from the large negative refractivity gradients
produced,

Over ocean surfaces the effects just described do not occur to
any appreciable extent cince as surface water cools, it becomes heavier,
sinks, and is replaced by warmer water from below +he surface, Thus,
ocean surface temperatures do not vary appreciably from day to night.

8.3.2 Turbulence and Convection

During the day surface heating is produced by insolation, Surface
heating is at a maximum on hot, clear, summer afternoons when the
ground may reach temperatures of 70°C, and higher, as shown by Sin-
clair [21]. The atmosphere above this superheated ground surface is
warmed hy conduction and small-scale convection, Eventually, super-
adiabatic gradients are produced in the air layer above the ground, and
overturning occurs, Thisprocess, ‘ogether with the turbulence created
by winds moviog vz -~ rough land surfaces, produces large-scale atmos-
pheric mixing which tends todestroy vertival stratifications, Accord-
ingly, standard or subrefractive profiles are the rule during daytime
hours over land areas with clear skies and/or where the terrain is
rough and moderate to strong winds axist.

As in the case of radiational cooling, the effects described ak.ve
a1 watobserved ove,s < "ean surfaces, Insolationstriking a deep water
surface is not absorbed in a shallow surface layer but rather, pene-
trates to muderate depths, Thus, the surface temperature, tngether
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with that of a thick layer of water, is raised only slightly. Also, the
roughness coefficient of even heavy seas is small compared to that of
most land surfaces,

8.3.3 Subsidence

Subsidence is defined as a large-scale downward moticn super-
imposed on the horizontal air motions in the atmosphere, Its occur-
rence is common in the eastern portions of the semiperme... "¢ anticy-
clones of the Northern Hemisphere. The lower ..mit of subsidence is
well defined, and the base of the subsiding layer is usually found ke-
tween 800 and 900 millibars. T!.e subsiding air is warmed by compres-
sional heating and is characterized by a temperature inversion and a
large dew point depression, as shown by Petterson, Sheppard, and
Priestly[17]. Sincethe air beiow the subsidence layer isusually moist,
excellent conditions for the formation of superrefractive layers aloft
are present, The California coast of the United States, under the eas-
tern end of the Pacific an*icyclone, isnoted for the persistence of super-
refractive, elevated layers during the summer months,

8.3.4 Evaporation and Condensation

The addition of water vapor from a warm water surface to over-
lying cold air, takesplace rapidly because of the higher vapor pressure
of the water surface. At the outset of this process, shallow superre-
fractive or ducting layers may be formed close to the surface. How-
ever, as the evaporation process continues and the moisture has been
mixed through a fairly thick layer (by convective processes) the uni-
form distribution of moisture precludes the formation (or maintenance)
of superrefractive layers,

Such evapo:-ative effects may also occur inland when a cold, dry
air mass moves over moist soil or heavily vegetated areas. The Flerida
Everglades, for example, have about the same evaporation rate as the
ocean,

8.3.5 Advection

An air mass moving over a surface of dissimiliar physical char-
acteristics (warmer, cooler, wetter, dryer) will be modified through
the action of surface heating or cocling, convection, evaporation, etc.
Theresu'ts 12 ne evpented 11 any particular case may be deduced from

<>
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the discussion given in the preceding paragraphs and are discussed iu
considerable detajl in NAVAER 50-1P-527 [8],

8.4 Climatology of Ground-Based Ducts

For the purposes of this section atmospheric ducting (trapping)
is defined to occur whenever geometrical optics indicates that a radio
ray leaving the earth’s surface is sufficient’y refract. *at it eventu-
ally travels back toward or parallel to the ea th’s surface. This cri-
terion has been applied by Bean [2] to several years of radiosonde ob-
servations from stations tysical of polar, teraperate, and tropical cli-
mates in order to derive estimates of the variation of the occurrence
of radio ducts with climaiic conditions,

Approximately 3 years of radiosonde data typical of a polar cli-
mate (Fairbanks, Alaska), a temperate climate (Washington, D, C,), and
a tropical climate (3wan Island, W. I,) were examined by means of a
digital computer for the occurrence of ducts during the months of Feb-
ruary, May, August, and November, The percentage occurrence of ducts
is shown in figure 8.9 for these three locations, The maximum occur-
rences of 13.8 percent for August at Swan Island and 9.2 percent for
T'airbanks in February are significantly greater than the values observed
at other locations and times of the year, The Washington data display
a summertime maximum of 4,6 percent. These data indicate that the
tropical zone, maximum incidence occurs in late summer and is nearly
three times the temperate zone, summertime maximum; while the arctic
zone maximum occurs in midwinter and is about twice as large as the
temperate maximum,

The results of an analysis of refractivity gradients observed during
ducting are given in figure 8,10, The maximum gradient of 420 N-units
per kilometer was observed during Fcbruary at Fairbanks, Alaska;
with a value of 396 N-units per kilometer observed during August at
Washington, D, {. i ne grauteLt opsceved during ducting at Swan Island,
W. I, reached amaximum (285 N-units per km.) potn uuring August and
November, The annual mean values of N-gradient appear to show a
small latitudinal trend irom a high value of 230 N-units per kilometer
at Fairbanks to a value of 190 N-units per kilometer at Swan Island,

Another property of —~adio ducts is their thickness; typical thick-
ne. woi~s ure show in figure 8,11, Again a small latitudinal trend
is observed as the median thickness increas~s from 66 meters «t Fair-
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banks to 106 meters at Swan Island,

We may summarize the data of figures 8,10 and 8,11 by saying
that polar climates (Fairbanks) are characterized by shallow layers
with relatively intense gradients, tropical clims'es {Swan Island) are
characterized by thick layers with relatively weak gradients, and tem-
perate climates (Washington, D. C,) lie in between.

It is interesting to consider the temperatu:. :nd humidity distri-
bution that accompanies a radio duct. An example {ypical of each sta-
tion is given in figure 8.12. The polar duct illustrated was accompanied
by a surface temperature of -25°C, with a strong temperature inversion
and a slight humidity lapse, indicating aninversion associated with win-
tertime ceooling of the air next to the ground, The temperate example
appears to be typical of atemperate zone, iemperature inversion, The
tropical profile, however, shows a moderate lapse of both temperature
and humidity, This apparent incounsistency is explained by the strong
lapse in vapor pressure which is associated with a moderate lapse in
temperature and humidity when the surface temperature is near 30°C,
This strong, vapor pressure lapse presumably arises from evaporation
from the sea surface,

The structure of ducts was further examined by studying the per-
centage of the total N-gradient in eachduct. contributed by the gradient
of the ‘‘dry’’ and *‘wet’’ terms, The median contribution of the ‘‘dry’’
term gradient, summarized in table 8,2, displays strong ssasonal and

TABLE 8.2
Month Fairbanks Washington, D,C. Swan Islzmdl
{Polar) (Temperate) {Tropical}
February 1029 73.0% 8.5%
May 40,5% 33.5% 2,0%
August 37.0% 26.5% 4,5%
November 62.0% 55.0% 6.0%
AD . AN

Median Contribution of—,—T] to-—\-}-l- for Ducting Conditions,
- ¢
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geographic differences, The ‘‘dry’’ term contribution decreases from
winter to surnmer and from arctic to tropical ciimates, The tropical
ducting gradients are then at J2asi &0 percent due to humidity lapse,
while the polar wintertime maximum is due to the strong temperature
inversion which is associated with very low surface temperatures., In
fact, under these conditions vapor pressure increases with height, and
ine dryterm contributes more than 100 percent of the ducting gradient,

8.5 Climatology of Superrefractive Elevated =vers

Although no systematic study of elevated layers has been com-
pieted on a scale large enough to support statistically valid conclusions,
a few general statements may be made. The great mejority of all strong,
superrefractive, elevated layers are associated with subsidence in the
atmosphere. Since subsidence involves an adiabatic process, a given
layer may, therefore, be associated with a certrin, constant potential
temperature. In other words, the layer is in an isentropic surface.
This concept may be used operationally to estimate the horizontal ex-
tent of strong superrefractive layers by indicating the particular heights
most likely for layer occurrence at points removed horizontally from
the known sounding. It must be remembered, however, that the exis-
tence of the ‘‘same’’ potential temperature alone is not sufficient evi-
dence for extending an elevated layer horizontally into ‘ ‘unknown’’ areas;
other considerations must also indicate a ‘‘good’’ probability for its
existence,

Inmaritime~polar air masses over the western Atlantic and North
Pacific, the boundary between the moist, lower, mixed layer and the
unmodified, dry, upper layer can frequently become an elevated super-
refractive layer., When the existence of such a layer has been estab-
lished by measuvrement, the tops of the convective clouds in the mixed
lower layer can be assumed to be at the height of the layer base.
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9. SYNOPTIC STUDIES OF REFRACTIVE PROPERTIES

As indicated in the iniroduction, no practical techniques exist
which will permit one to make useful predictions of the refractive state
of the atmosphere beyond a 6- to 12-hour range., For such ‘‘short’
periods one may properly, either assume no change in measured con-
ditions, or predict trends in the modificat. = of obse: ved refractivity
profiles expected us a result of forecast meteorological changes.

One approach to the problem of Jonger-range refractivity fore-
casting lies in the direction of predicting the detailed pressure, tem-
perature, and humidity structure at several points within the area of
interest, and from these predictions calculate the required refractivity
profiles, The precision realized in 12- t¢ 38-hour forecasts of P, T,
and RH with presert-day methods is not sufficient to produce useable
refractivity predictions for these forecast intervals, This approach,
for periods in excess of 18 hours, can be expected to lie beyond the
‘*state of the art’’ for many years to come,

Another approach would be to attempt to develop 3-dimensionai
models of refractivity which could be directlyassociated with the class-
ical synoptic features (fronts, highs, lows, etc.,) and which would be
sufficiently representative of the real refractive situation to permit
useful forecasts to be made from a knowledge of expected synoptic de-
velopments, In order toexplore thisapproach to the refractivity fore-
casting problem, a detailed case study has been completed by Horn,
Bean, and Riggs [15] and is described in the following paragraphs.

9,1 Analysis of the Storm of 18-21 February 1952

A wintertime storm, displaying strong contrasts of continental
polar and maritim._ s o il 2i:, .5 choser for study of the refractivity
model problem. This particular storm comricnced with an outbreak
of polar air across the Great Plains from the 18th to the 21st of Feb-
ruary 1952, during which time a pronounced cold front developed and
moved rapidly across the United States,

9.1.1 Descrirntion of the Synoptic Development

At the start of the period a frontal system had come in irom the
Pacific Northwest and was composed of a cold front extending from
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northern Utah southward into Arizona, with a stationary front extending
northeastward into Wyoming. This frontal system had moved very
slowly for several days prior to the start of the sequence, With a fresh
outbreak of polar continental air east of the Rocky Mountains this old
front became more active and (moving ahead of the fast-moving, polar
continental front sweeping across the Great Plains) was reported as a
squall line by the time it crocsed the Mississippi River eariy on the
morning of the 20tk of February. During the latter part of the period
the polar-maritime cold front/squall line wasl -ated in t2 . _cveloping
warm sector of the polar-front wave, The entire frontal ensemble of
cold front, polar-front wave, and squall line had moved rapidly to the
east coast by the morning of the 21st, which is the last day of the period
studied,

This storm sequence is a rather well developed one, with strong
temperature and humidity contrasts between the air masses within the
warm sector and behind the cold front, The existence of this strong
contrast was one of the mainreasons for studying this particular period,
because if refractivity is not a good synoptic indicator in this case there
is little hope of its being one in more subtle synoptic disturb.nces,

9.1.2 Datum Refractivity (N,) Analysis

In order to supress the effects of topography, the datum refrac-
tivity, No, (see section 8.1) has been used as the refractive parameter
ploited in all horizontal analyses. Charts of N, were prepared from
surface observations taken every 12 hours from 0130 EST, February 18
until 1330 EST, February 20, 1952, or, in other words, every 12 hours
during the period studied, These N, charts are presented in figures
9.1 through 9.6, Each chart shows the N, field with the U, S, Weather
Bureau frontal analysis (surface) superimposed; conventional frontal
symbols have beenused in these figures, The cold front whichoriginally
extended from Utah southward appears to be rather weak, since it is
not associated with an op,. >~lable N.~changc =cross the front. In the
early stages of our sequence thelack of air mass contrasis is evidenced
by the slight change in the position of the 290 N,-contour (encircling
the west Texas and New Mexico rrea) as the frontal system moves
through that area. By comparison, the cold front which later sweeps
down across the Great Plains has a rather marked N,-gradient across
the front; due in large measure to the northward fiow of warm, moist
air intn s «tarm seciuy, vi..h had formed by 133C EST on the 19th,
It 15 perhaps significant that the N -contours show the various frontal
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systems as transiticn zones rather than as sharply defined disconti-
nuities,

Figures 8.1 through 8.6 appear to indicate that N, dces reflect
frontal system changes and that, with extensive studies of many cases,
a system of direct objective fcrecasting from this parameter might be
developed, Although this conclusion is based on a study of a single
storm, it appears to be borne out by prelimi ary analy: . of other
frontal systems.,

9,1,3 Vertical Cross Section A-Unit Analysis

Another aspect of this case study is illustrated in a series of
charts displaying vertical cross sections of the storm of 18-21 Febru-
ary 1952 in terms of A-units, which are largely free from a pressure-
height dependency (see section 4.4,3). The height distributions of re-
fractivity along the base line of the particular cross section shown in
figure 3.7 were computed for every 12 hours during the 4-day period,
Examples representing the early, mature, and late stages of the out-
break arereproduced as figures 9.8, 9.9, and 9.10, At the outset of the
period of observation, the A-unit gradient was quite flat around the polar
front, By 1000 EST on the 18th of February, figure 9.8, the polar front
was located midway between Glasgow, Mont, and Dodge City, Kans,
The contrast between the southerly extensior of polar air and the nor-
therly advection of tropical maritime air, from the Gulf of Mexico into
the developing warm sector of the polar-front wave, is evidenced by
the relatively large A-gradients in the vicinity of Dodge City. Thecore
of tropical maritime air has evidently not progressed far enough north-
ward to displace the warm but dry zir that had been over the Great
Plains prior tc *he outbreak, As a result, a region of low A-values is
found between the front and the tropical maritime air. Twenty-four
hours later, figure 9,9, the core of tropical maritime air has become
more extensive and now re. hento araltitude cf 2 kilometers, A second
cold front was now reported on the daily weather map, and the area of
low A-values is confined between it and the main cold front, Finally,
by the morning of February 20, figu-e 9,10, the front has passed to the
south of Lake Charles, l.a, and the polar air just behind the front is
characterized by relatively low A-values,

8.1.4 bpiw Chart Analysis

The use of spuce cross sections does not 2]ways yield measure-
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ments at the most desirable points along a frontal interface. Another
method of determining the refractive index structvre in a frontal zone
is to construct a time cross section from the series of radiosonde ob-
servations taken at a single station, Thus, as the {rontal system ad-
vances and passes over the station, one obtains a time-history of the
structure of thefrontal zone, Such cross sections may be drawn using
time, or the distance from the station to the front (at the surface), as
abscissa, In the latter case, the presentat’in is referr~- to as an epic
chart since the observations are normalizea with respect to the frontal
passage., Epic charts are illustrated in figures 9,11 and 9,12, Figure
9,11 represents atypical continental station located in the polar conti-
nental air throughout thc storm sequence under study. The essential
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feature here is the absence of detail in the A-structure due to the pres-
ence of 2 uniform air mass over the station, Compare this with tte
epic chart for Oklahoma City, Okla., figure 9.12, which clearly shows
a strong prefrontal A-unit high, a strong gradient across the frontal
interface, and an A-unit low behind the front. Figure 9,12 was cor -
structed for a station located : t the point of confluence of virtually un-
modified polar coniinental and tropical maritime air,

9.2 Conclusion

Although nc general conciusions should be drawn from this single
case study, it appears probabie that 3-dimensional refractivity models
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could be deveioped which could be directly associated with syncptic fea-
tures and which were generally representative of the refractive prop-
erties of the real atmosphere, With this object in mind preliminary
models for an idealized, continental, fast-movirg cold front and for an
idealized, continental warm front have been constructed by Bean, Riggs,
and Horn [4] and are shown in figures 9.13 and 9.14, The figures are
drawn in the form of cross sections normal to the front and show the
frontal surfaces, the directions of motion, ~nd the refrar*ivity fields in
the form of A-unit contours. Greatcare mus. be exerc »ed in the appli-
cation of these models, until such time as the details of their construc-
tion can be verified by th¢ analysis of a statistically valid number of
cases,
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